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ABSTRACT

We propose to study the concept of a Solar High-Energy Astrophysical Plasmas Explorer
(SHAPE). The primary scientific goal is to understand the impulsive release of energy, efficient
acceleration of particles to high energies, and rapid transport of energy — fundamental processes
that occur in solar flares, 4-ray bursters, supernova remnants, the galactic center region, and active
galaxies. Solar flare studies are the centerpiece of our investigation, because in flares these high
energy processes not only occur routinely but also can be observed in unmatched detail at most
wavelength regions of the electromagnetic spectrum as well as in energetic charged particles and
neutrons. With the powerful new instruments of SHAPE, we expect to locate the regions of
particle acceleration and energy release, determine the structure and conditions in those regions,
characterize in great detail the accelerated particle distributions, follow the subsequent transport
of energy through the plasma, and thereby identify the operative physical mechanisms.

The SHAPE payload consists of four instruments: GRID (Gamma-Ray Imaging Device),
a Fourier-transform X-ray and 7-ray imager having arcsecond spatial resolution and covering the
energy range from a few keV to 1 MeV; HIGRANS (High-resolution Gamma-Ray and Neutron
Spectrometer), a cooled germanium spectrometer with a bismuth-germanate shield, covering the
energy range from 10 keV to 20 MeV with keV resolution and capable of observing 4-rays and
neutrons up to 1 GeV; LEIS (Low-Energy Imaging Spectrometer), an imaging spectrometer with
arcsecond spatial resolution operating at UV and EUV wavelengths; and SIPS (Soft X-ray Im-

pulsive Phase Spectrometer), a Bragg crystal spectrometer with high spectral resolution and great
sensitivity at wavelengths between 1 and 9 A.

Based on the pioneering achievements of the Solar Maximum Mission (SMM) in high-energy
solar physics (hard X-ray imaging and y-ray spectroscopy) and non-solar astrophysics (the discov-
ery of 4-ray emission up to tens of MeV from bursters, the steady 0.511 MeV galactic line emission,
observation of galactic radioactive aluminum, and repeating soft y-ray bursters from the galactic
bulge region), we expect that SHAPE, with its orders-of-magnitude improvements over SMM
in sensitivity and spatial, spectral, and temporal resolution, will resolve many questions of funda-
mental interest and discover new phenomena. Specifically, GRID will be capable of carrying out
the first arcsecond hard X-ray and «4-ray imaging of solar flares to clearly resolve flaring magnetic
loops on sub-second time scales. Detailed high-resolution y-ray spectroscopy will be possible with
HIGRANS to resolve many nuclear lines and determine the structure of the continuum. LEIS
will provide arcsecond UV and EUV images of the spatial structures present before, during, and af-
ter the flare, and also provide a way to detect low-energy (10 keV-1 MeV) protons. High-sensitivity,
soft X-ray spectroscopy with SIPS will allow plasma conditions — temperature, density, flows, and
turbulence — to be determined from the flare onset. In addition, elemental abundances in the solar
atmosphere will be determined from complementary observations of 4-ray and soft X-ray spectral
lines. Observations of other astrophysical phenomena include measurements with high energy res-
olution of the continuum and line features in the spectra of 4-ray bursters, hard X-ray images with
arcsecond resolution of supernova remnants and jets in active galaxies, and maps of hard X-ray
and y-ray sources in congested areas of the sky such as the galactic center region. '

An already existing Multimission Modular Spacecraft (MMS) could be used for SHAPE.
Ideally, the payload would be placed in orbit in time for the next maximum in solar activity,
expected to occur sometime between 1990 and 1992. High quality flare observations will be possible
through 1995. Solar and non-solar observations would be carried out simultaneously and the non-
solar observations could be continued after 1995 with possible refurbishment of the instruments.
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1. INTRODUCTION

The ability to release energy impulsively and accelerate particles to high energies is a common
characteristic of cosmic plasmas at many sites throughout the universe, ranging from magneto-
spheres to active galaxies. These high-energy processes play a central role in the overall physics of
the system at each site where they are observed. The detailed understanding of these processes is
one of the major goals of astrophysics, but in essentially all cases, we are only just beginning to
perceive the relevant basic physics.

Nowhere can one pursue the study of this basic physics better than in the active Sun, where
solar flares are the direct result of impulsive energy release and particle acceleration. Here, the
acceleration of electrons is revealed by hard X-ray and 4-ray bremsstrahlung; the acceleration of
protons and nuclei is revealed by nuclear 4-rays and neutrons. The accelerated particles, notably
the electrons with energies of tens of keV, probably contain a major fraction of all the released flare
energy, thus indicating the fundamental role of the high-energy plasma processes. Many closely
correlated lower-energy phenomena, some of which are the direct consequence of interactions of
the accelerated particles, also reveal the nature of the high-energy plasma processes. It is the
opportunity provided by solar flares to observe in detail this multitude of interwoven characteristics
of high-energy plasmas that makes this study so exciting and fruitful.

That this endeavor can indeed be profitably pursued in solar flares has been demonstrated by
the pioneering observations carried out with instruments flown during the active phase of the last
solar cycle (1978-1984) on the NASA Solar Maximum Mission (SMM) and the International
Sun-Earth Explorer 3 (ISEE-3), the Japanese Hinotori satellite, and the DoD P78-1 spacecraft.
Of the many results obtained, the imaging of solar flares in hard X-rays (e.g., Hoyng et al. 1981, Ohki
et al. 1983, Tsuneta et al. 1984) and the detection of y-ray lines from many flares (Chupp 1984) are
particularly significant. Improved sensitivity and finer spatial, spectral, and temporal resolution are
clearly needed, however, to fully exploit these new and powerful diagnostic tools. Hard X-ray images
with fine spatial and temporal resolution can be used to determine the location of the electrons and
trace the transport of the energy released impulsively in the flare; y-ray line measurements made
with sufficient energy resolution to determine intensities and spectral shapes of individual emission
lines can provide the complete distribution of the accelerated particles in momentum space, that is,
both their energy spectra and their angular distributions. These opportunities, and the promise of
new discoveries anticipated from future observations, are the main drivers of the proposed SHAPE
(Solar High-Energy Astrophysical Plasmas Explorer) concept.

The major areas that will be addressed by observations with SHAPE are energy release, par-
ticle acceleration, and energy transport in cosmic plasmas. We would like to know what processes
liberate the energy stored in unstable magnetic configurations, how this energy is converted into
kinetic energy of fast particles and thermal energy of hot plasma, what mechanisms transport par-
ticles and energy away from the energy release site, and what observational consequences result
from the operative radiation mechanisms. The physics of these processes is highly involved, draw-
ing on plasma physics, magnetohydrodynamics, kinetic theory, particle and radiation transport,
and atomic and nuclear physics. Improved hard X-ray and ~4-ray observations are essential for
unravelling these difficult but fundamentally important astrophysical problems. In the case of solar
flares, such high-energy observations must be combined with ultraviolet (UV), extreme ultraviolet
(EUYV), soft X-ray, and direct neutron observations for maximum scientific reward.

An additional objective of SHAPE is the study of elemental abundances. The complementary
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nature of 4-ray and soft X-ray spectroscopy will permit simultaneous abundance determinations at
different heights, allowing studies of elemental fractionation in the solar atmosphere.

This proposal describes the scientific objectives and instrumentation of SHAPE, an Explorer
optimized for the study of solar high-energy phenomena in the next phase of solar activity (expected
to extend at least to 1995). The two high-energy instruments are GRID (Gamma-Ray Imaging
Device) and HIGRANS (High-Resolution Gamma-Ray and Neutron Spectrometer).

GRID will have arcsecond spatial resolution and sub-second temporal resolution and will be
capable of producing images at photon energies between a few keV and 1 MeV. These images, the
first at photon energies above 40 keV, will be comparable in morphological detail to the solar flare
images obtained at microwave frequencies with the Very Large Array. With angular resolution
matching the expected sizes of flare structures and temporal resolution matching the characteristic
timescales of the acceleration and transport mechanisms, we will be able to locate the regions of
acceleration and follow the subsequent redistribution of the released energy.

HIGRANS will observe from keV to GeV energies, with keV resolution up to 10 MeV. This
resolution is sufficient to separate the many nuclear lines observed with SMM and to measure
their shapes. High-energy resolution is also essential for observing structure in the continuum, such
as that expected if more than one source or mechanism contributes to the observed radiation. At
energies above 10 MeV, HIGRANS will be capable of observing neutrons and separating pion-
decay 7-rays from relativistic electron bremsstrahlung. This will allow the investigation of the
highest-energy processes occurring in flares.

The two low-energy instruments, LEIS (Low-Energy Imaging Spectrometer) and SIPS (Soft
X-Ray Impulsive Phase Spectrometer), are essential for defining the structures in which the the
explosive high-energy phenomena take place, and for revealing other direct manifestations of the
impulsive energy release. LEIS will provide monochromatic images with arcsecond spatial res-
olution at UV wavelengths from 1200 to 1452 A and at EUV wavelengths from 240 to 285 A.
These wavelength ranges cover emission lines from plasma at temperatures between about 10* and
2 x 107 K. LEIS will also be able to detect 10-keV-to-1-MeV protons in flares for the first time,
by searching for red-shifted Lyman-a emission from de-excitation of fast hydrogen atoms formed
by the protons via charge exchange. SIPS will provide high-resolution spectra at wavelengths be-
tween 1 and 9 A with both high sensitivity and high time resolution. Simultaneous interplanetary
energetic-particle observations and vigorous ground-based and theoretical support programs are
also required to achieve the scientific objectives.

Both GRID and HIGRANS have unique capabilities for observing other astrophysical
sources. Of particular interest are objects in which violent energy release processes and parti-
cle acceleration can be detected in hard X-rays and «y-rays. These sources include v4-ray bursters,
supernova remnants, the galactic center, and active galaxies. The bulk of the observed luminosity
from many of these sites is in high-energy photons, indicating again the dominant role of energetic
particles.

No planned future mission, including the Gamma-Ray Observatory (GRO) and the Japanese
SOLAR-A satellite (formerly the High Energy Solar Physics mission, HESP), has instrumenta-
tion which can match the high sensitivity and fine spatial and energy resolutions of the SHAPE
instruments. The SHAPE observations will complement (and be complemented by) data obtained
from these two other satellites and from the International Solar-Terrestrial Physics (ISTP)
Program.
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2. THE SOLAR OBJECTIVES OF SHAPE

A large solar flare releases as much as 1032 ergs in times as short as 100 to 1000 s. Much of that
energy appears in the form of high-energy particles and hot plasma. It is believed that the energy
comes from the dissipation of the non-potential components of strong magnetic fields in the solar
atmosphere, possibly through magnetic reconnection. The high-energy flare phenomena produce
a wide variety of observable emissions as shown schematically on the fold-out sheet. A thorough
understanding of the physical processes which lead to these observational signatures is essential to
understanding solar flares. Of the many available signatures, hard X-rays, 4-rays, and neutrons,
along with radio and microwave emissions, form a distinct class in that they are produced before
the accelerated particles are thermalized in the ambient atmosphere. Consequently, they provide
the most direct information available on the energy release and particle acceleration processes.
Observations of UV, EUV, and soft X-ray emissions provide complementary information on the
conditions (e.g., temperature, density, and magnetic configuration) of the plasma at and near the
energy release site before, during, and after the flare.

2.1 FLARE GEOMETRY AND ENERGY TRANSPORT
(a) Sub-relativistic Electrons.

Magnetic loops in the solar atmosphere almost certainly play a role in the flare process. A
popular flare model, consistent with a wide variety of observational data, is the thick-target model
(Brown 1971). It involves the impulsive acceleration of electrons and protons, probably in the
coronal part of a loop or arcade of loops. These particles propagate along the magnetic field lines
and interact through collisional, collective, and other non-collisional processes with the ambient
gas in the legs of the loops to produce a variety of observable signatures. Historically, the most
outstanding of these signatures is the impulsive hard X-ray emission, believed to be bremsstrahlung
produced in collisions between high-energy electrons and ambient protons. The SHAPE concept
places considerable emphasis on the interpretation of hard X-ray bursts but other signatures of the
high-energy flare phenomena will also be investigated at different wavelengths.

Hard X-Ray Bremsstrahlung. In the thick-target model, the electron beams which produce
the hard X-ray bremsstrahlung must contain a large fraction of the total flare energy due to the
inefficiency of the bremsstrahlung process relative to collisional energy losses (Lin and Hudson
1976, Hoyng et al. 1976). An assessment of the validity of this model is, therefore, fundamental to
our understanding of flares, particularly since alternative models for hard X-ray production have
been proposed, some of which require less energy in sub-relativistic electrons. For example, in
the thermal model proposed by Brown et al. (1979) and subsequently developed in some detail
by Smith and Harmony (1982 and references therein), the bremsstrahlung is produced in a quasi-
thermal plasma with a temperature in excess of 108 K located in the coronal part of the loop
at or close to the initial energy release site. Since in this model there are no energy losses from
bremsstrahlung-producing electrons interacting with cooler electrons, its energetic efficiency can
be much larger than that of the thick-target model. Although a hybrid model involving both
particle acceleration and direct heating may be the most appropriate, it is important to define the
signatures of each canonical model at as many wavelengths as possible and to test these signatures
through coordinated observations. This was the aim of SMM and qualitative advances in our
understanding of flares were made. More quantitative observational tests of models will be well

within the capabilities of the proposed SHAPE payload and examples of such tests are discussed
below.
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Arcsecond imaging of the hard X-ray emission with the high sensitivity and broad energy
coverage of GRID will provide a definitive, if not the definitive, test of hard X-ray production
models. Theoretical predictions of the hard X-ray spatial structure that could be tested with
GRID have been made by a number of authors (Emslie 1981, Leach and Petrosian 1983, Holman
1986). The imaging observations carried out with SMM and Hinotori have provided data for
some flares which are consistent with the double structure expected from the impact of nonthermal
electrons at the footpoints (Hoyng et al. 1981, Ohki et al. 1983). However, these images were
obtained with relatively low angular resolution (~8 arcseconds, corresponding to 5800 km at the
Sun) and were limited to photon energies of less than 40 keV, where the X-ray flux usually includes
a significant contribution from a superhot thermal plasma with a temperature that can be as high
as or higher than 3.5 x 107 K (Lin et al. 1981). No imaging observations have been made at higher
energies but stereoscopic views of behind-the-limb events with widely separated spacecraft show
that, at least in some cases, the dominant component of high-energy (>100 keV) X-ray emission
comes from low altitudes, presumably from footpoints (Kane et al. 1982).

The capabilities required of a hard X-ray imager such as GRID are set by the spatial and
temporal scales of the magnetic structures involved in a flare and by the processes that modify
the electron spectrum. A typical flaring magnetic loop is about 10 arcseconds in diameter with a
cross-sectional diameter of about 1 arcsecond. Hard X-ray sources as large as 2 arcminutes have
been observed (Hudson et al. 1985) and compact flares much less than 10 arcseconds in total extent
are known to exist. Fluctuations in hard X-ray intensity have been observed on time scales shorter
than 100 ms (Kiplinger et al. 1983).

A fundamental length scale for the hard X-ray observations can be obtained from considerations
of the collisional energy-loss processes of the bremsstrahlung-producing electrons. A 40 keV electron
will produce the bulk of its hard X-ray emission over a distance of about 2000 km in a medium of
density 3x 10! cm™3, such as is typical of a dense flare plasma (Dere et al. 1979). This corresponds
to ~3 arcseconds on the solar disk. Thus, appreciable modification to the energy spectrum of the
hard X-ray producing electrons will take place in distances of ~1 arcsecond. One of the objectives
of GRID is to detect changes in the electron spectrum on these distance and time scales. This
will provide a stringent test of the thick-target model and indicate if other processes such as beam-
plasma instabilities are degrading the electron energy in addition to Coulomb collisions.

Other Observational Signatures of Sub-relativistic Electrons. One possible signature of
sub-relativistic electrons is the broadening and wavelength shifts of soft X-ray, EUV, and UV lines,
presumably due to the hydrodynamic response of the solar atmosphere to the collisional energy
deposited by nonthermal electrons (e.g., Nagai and Emslie 1984). During the impulsive phase of
flares, soft X-ray spectra show line broadening and blue-shifted components that reveal the existence
of mass motions in heated chromospheric plasma, but the interpretation of the observations is still
controversial (Doschek et al. 1986). By observing the soft X-ray line profiles with the higher
sensitivity of SIPS and by correlating these data with EUV and UV images obtained with LEIS,
we will be able to test quantitatively the predictions of flare heating models (e.g., Cheng et al.
1984). Coupled with the hard X-ray data from GRID and HIGRANS, this will in turn afford
us a means of identifying the physical processes affecting the transport of energy in the flaring
atmosphere, for example, return-current ohmic heating, and collective plasma effects.

Other important signatures of nonthermal electron impact are bursts of emission in certain
UV and EUYV lines formed at temperatures of a few times 10% K, typical of the transition region
(Orwig and Woodgate 1986). Enhancements are also seen in the UV continuum. These bursts are
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observed simultaneously with hard X-ray bursts and they provide valuable clues to the existence
of sub-relativistic electrons and to the mode of energy transport in the flare atmosphere. Their
full exploitation must, however, await the higher sensitivity UV, EUV, and soft X-ray data from
LEIS and SIPS. In addition, nonthermal electrons produce bursts in the X-ray Fe Ko radiation
(Tanaka et al. 1984, Emslie et al. 1986), which have, so far, been observed in only a few flares
with low statistical significance. A Ko burst in coincidence with a hard X-ray burst would be
a powerful diagnostic of the acceleration of electrons to sub-relativistic energies. The improved
sensitivity of SIPS will allow this diagnostic tool to be used to establish the existence of non-
thermal electrons interacting in the lower corona, thus providing a test of the thick-target model
that is complementary to that provided by GRID.

Characteristics of the Energy Release and Particle Acceleration Region. The plasma
conditions and the magnetic structure of the energy release and particle acceleration regions can
be obtained from the LEIS and SIPS observations. The broad temperature coverage provided
by LEIS ensures that plasma at any temperature between chromospheric and flare values (10*
to 2 x 107 K) can be imaged. Thus, images will be obtained with arcsecond resolution of the
plasma that traces out the magnetic configuration before, during, and after the flare. Information
on the plasma conditions (temperature, density flows, turbulence, etc.) will be obtained from the
SIPS observations of soft X-ray line profiles. The spectral resolution is high enough to detect
flows with velocities of >60 km s~!. Motions of such magnitude are indeed indicated in the few
SMM observations of the very early phases of flares. In addition, the slow preflare heating that is
seen as a gradual rise in the broadband X-ray flux can be studied in detail with SIPS and LEIS.
These results, when combined with simultaneous ground-based microwave observations, will allow

accurate estimates to be made of the magnetic field strength and configuration within the flaring
region (Holman and Kundu 1985, Hurford 1986).

(b) Protons and Relativistic Electrons

~-Ray and neutron emissions are the most direct signatures of proton and relativistic electron
interactions in the solar atmosphere (e.g., Ramaty and Lingenfelter 1982). The recent observations
also can be interpreted in the context of a thick-target model (e.g., Murphy and Ramaty 1985),
but in this case the information comes from timing arguments and total charged particle yields. In
fact, unique new information on the flare geometry and on the interaction model will be obtained
with the high temporal and energy resolutions of HIGRANS. At energies near 0.5 MeV, where
proton and a-particle interactions produce significant emission, imaging observations with GRID
will provide valuable spatial information.

Density and Temperature Determinations. Observations with HIGRANS of the time de-
pendence and spectrum of positron annihilation radiation provide information on the density and
temperature at the site where these particles annihilate. This site is probably also the interaction
site of the accelerated protons. The time profile of the 0.511 MeV line observed with poor time
resolution on SMM (Share et al. 1983) suggests that the positrons slow down and annihilate in
less than several seconds, implying an ambient density of >10'? cm—3. Measurements made with -
HIGRANS of the 0.511-MeV line width will allow the temperature of the annihilation site to
be determined. The energy resolution of this instrument (~1 keV at 0.511 MeV) is sufficient to
measure temperatures down to 10# K. Furthermore, the 0.511 MeV line should be accompanied by
a characteristic continuum resulting from positronium annihilation if the density of the ambient

medium is less than about 10!® cm~3 (Crannell et al. 1976). This continuum will also be detectable
with HIGRANS.
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Beaming. The observation reported by Rieger et al. (1983) that y-ray flares at energies >10 MeV
occur preferentially at sites near the solar limb is strong evidence for an anisotropic distribution of
relativistic electrons. Dermer and Ramaty (1986) have shown that both downward-beamed distri-
butions of relativistic electrons and distributions peaking at directions parallel to the photosphere
are consistent with these observations.

Information on the angular distribution of the protons can be obtained by comparing the
number of neutrons moving downward toward the photosphere with the number moving upward
(Murphy and Ramaty 1985). The former is derived from observations of the 2.223 MeV line result-
ing from neutron capture in the photosphere, while the latter can be found from observations of the
neutron flux at the Earth. For the 1982 June 3 flare observed with the Gamma-Ray Spectrome-
ter (GRS) on SMM, the protons cannot have a strongly downward-beamed distribution (Murphy
and Ramaty 1985). Thus, at least for that flare, the protons produced nuclear reactions while they
were either mirroring in the converging magnetic field or being scattered by MHD turbulence at the
footpoints. By observing many flares at various locations on the Sun with HIGRANS, it will be
possible to map out the entire angular distribution of the neutrons, and hence also of the protons
which produce them.

Further information on the proton angular distribution will come from the HIGRANS mea-
surements of the shapes of the nuclear deexcitation lines (Kozlovsky and Ramaty 1977). Since these
lines are produced by excited nuclei whose recoil motion reflects the motion of the bombarding pro-
tons, anisotropic proton distributions lead to Doppler shifted lines whose shapes depend on the
anisotropy, on the direction of the magnetic field, and on the location of the flare site. Particularly
promising are the lines of 7Li and 7Be at 431 and 478 keV, respectively, produced in interactions
of a-particles with helium atoms (see Appendix 2). We estimate that for a flare comparable to the
27 April 1981 flare, from which these lines were seen with the relatively low resolution GRS on
SMM, HIGRANS will detect about 3000 photons from 7Li and “Be de-excitations. Such a large
number of counts will allow for a detailed mapping of the shapes of these lines and hence of the
a-particle angular distribution (presumed to be similar to the proton distribution).

Trapping and Escape. The combination of y-ray and neutron observations with interplanetary
particle observations provides information on the trapping of the particles at the Sun. The number
of protons required to produce the 4-rays and neutrons in flares is generally much higher than the
number of protons which escape from these flares into interplanetary space (von Rosenvinge et al.
1981). On the other hand, there are many flares which release energetic particles to interplanetary
space but whose «-ray emission has so far not been seen. A possible interpretation of this result is
that the protons which produce the ¢-rays and neutrons are accelerated in closed magnetic loops,
whereas the interplanetary protons are accelerated on open field lines. This model could be tested
by detecting the v-rays produced by the particles which are accelerated on open field lines in the
corona but which precipitate back into the denser chromosphere. HIGRANS, with a sensitivity
of ~10~* photons cm~—2 s~! in the 2.223 MeV line in a 1000-s observation, will be able to detect
4-rays from about 5 x 10%° particles with energies greater than 30 MeV interacting at the Sun.
This amounts to about 0.5% of the particles released from the Sun for a moderate interplanetary
event.

2.2 ENERGY RELEASE AND PARTICLE ACCELERATION

As we have emphasized above, observations of hard X-rays strongly suggest that sub-relativistic
electrons contain a substantial, if not dominant fraction of all the released flare energy. This result,
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coupled with the fact that hard X-ray emission is a very common property of flares, implies a
strong link between the energization of these electrons and the impulsive energy release processes.
Consequently, a primary objective of SHAPE is to pinpoint the electron acceleration sites and to
trace the energy transport paths. Another objective is to determine whether these electrons are
part of a thermal distribution, in which case the energization is due to bulk heating, or whether they
form a genuine nonthermal population which requires acceleration mechanisms such as expected
in reconnecting magnetic fields, at shocks, and in MHD turbulence. The GRID instrument, with
arcsecond resolution and the ability to produce hard X-ray images at energies well above those where
background thermal contamination is a problem, will provide crucial observations for achieving
these objectives. Not only will the site(s) of the original energization be evident, but the manner
in which the source of hard X-ray emission spreads throughout the flaring region during the event
will provide valuable clues to the nature of the energization, such as its division into thermal and
nonthermal components. When combined with information from the LEIS observations, many
of the physical parameters of the acceleration region can be determined, including the level of
turbulence and the electric field strength (Holman 1985).

Prior to the SMM observations it was believed that proton acceleration is a secondary phe-
nomenon that follows the acceleration of the hard X-ray emitting electrons. This second-phase
concept probably is valid for the acceleration of the bulk of the protons observed in interplanetary
space (Cane et al. 1986). But the SMM observations that show y-rays emitted simultaneously
with the hard X-rays to within the 1-s timing accuracy of the data, imply that a broad spectrum of
particles ranging from sub-relativistic electrons to GeV ions is often accelerated impulsively (Forrest
1983). However, it is not known whether this acceleration can be achieved by a single mechanism
or whether injection (Forman et al. 1986) and second-step acceleration (Bai 1986) are needed.

A very important question is whether protons are accelerated in all flares or only in the more
energetic ones. A definitive indicator of the presence of high energy protons is the 2.223 Mev line,
which is the strongest 4-ray line (except for flares near the limb) and intrinsically very narrow.
Because of its high energy resolution and low background, HIGRANS is a factor of at least 20
more sensitive in this line than GRS. Consequently, if protons are accelerated in all flares, and the
~-ray emission scales as the microwave emission, HIGRANS will observe ~10 flares per month in
the 2.223 MeV line near solar maximum.

An in-depth study of the proton spectrum above 10 MeV will be carried out from measure-
ments made with HIGRANS. Information on the proton spectrum from 10 to 100 MeV will be
provided by «-ray line observations, information above several hundred MeV will be provided by
observations of pion-decay ~-rays, and complementary information from ~10 MeV to several GeV
will be provided by neutron observations. Observations of very high energy neutrons will also be
made with ground-based neutron monitors. 4-Rays from pion decay have already been observed
from one flare (Forrest et al. 1985), and high-energy neutrons have been seen from several flares
(Chupp et al. 1982, Debrunner et al. 1983).

Currently, we have no direct information on the proton spectrum at energies much below 10
MeV. It may well be that a significant fraction of the flare energy is hidden in such relatively low
energy protons. By measuring the detailed profile of the Lyman-a line during the impulsive phase
of flares with LEIS, we will be able to make the first measurements sensitive to protons at energies
of 10 keV-1 MeV. De-excitation of hydrogen atoms formed by charge exchange between neutral
hydrogen atoms and downward-moving protons produces excess emission in the red wing of this
line. The detection of this excess emission would allow an estimate to be made of the fraction of
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the flare energy residing in protons below ~1MeV during the impulsive phase (Orrall and Zirker
1976, Canfield and Chang 1985).

2.3 SOLAR ABUNDANCES

Complementary information on the composition of the solar atmosphere can be obtained from
~-ray and soft X-ray spectroscopy (Murphy et al. 1985, Doschek et al. 1985). Nuclear reactions of
accelerated protons and o-particles with heavier nuclei in the ambient gas produce narrow nuclear
de-excitation ~-ray lines whose relative intensities depend on the composition of the gas in the
proton interaction site, probably in the chromosphere. In the soft X-ray region, most lines are due
to hydrogen-like and helium-like ions characteristic of coronal and higher temperatures, so that
these lines provide information on abundances in the flare plasma confined in coronal flux tubes.
The combination of simultaneous abundance determinations in the chromosphere from 4-rays and
in the corona from X-rays will allow a detailed study of the fractionation effects in the solar
atmosphere.

The abundances deduced from 4-ray spectroscopy of one flare have been compared by Mur-
phy et al. (1985) with local galactic abundances (Meyer 1985), which are believed tc represent
photospheric abundances. The principal difference was found to be an underabundance of C and
O in the 4-ray set. A similar suppression of C and O in the coronal abundances relative to local
galactic abundances has been pointed out by Meyer (1985), who noted that the suppression may
be correlated with the first ionization potential of the elements. Such a correlation could be caused
by charge-dependent mass transport from the photosphere to the corona. The differences between
the coronal and photospheric K/Ar and Ca/Ar ratios inferred from X-ray observations (Doschek
et al. 1985) are consistent with this correlation.

In a flare similar to the 1981 April 27 flare observed with GRS, HIGRANS will detect
several hundred to a few thousand photons in each of the dozen or so major «-ray lines with typical
line-to-continuum ratios (L/C) of between 1 and 10 (see Table B1, Appendix B). These include
lines of the elements C, N, O, Ne, Mg, Si, Li, Be, and four lines of Fe. These major lines will be
detected with a statistical significance of 10 to 500 allowing line shapes and asymmetries to be
accurately determined. Even for flares with line fluences >30 times smaller, most of these lines will
be detected at, or above, the 30 level if L/C remains the same. GRS did not have fine enough
energy resolution to resolve any of these lines.

X-ray abundances of all elements from Mg through Ni will be measured with SIPS, including
such low-abundance elements as K, Ti, Mn, and Cr. SMM observations indicate that the calcium
abundance varies during a flare and from flare to flare (Sylwester et al. 1984). SIPS will be used
to confirm this result and to study abundance variations for other elements.

~-Ray observations made with HIGRANS can also provide information on the photospheric
abundance of 3He from the time profile of the 2.223 MeV line (Wang and Ramaty 1974, Prince et
al. 1983). The 3He abundance is of importance to cosmology as well as to our understanding of
the burning and mixing processes in the solar interior.

2.4 NONFLARING STUDIES
In addition to the study of solar flares, the higher sensitivity of the proposed complement of
instruments will allow us to investigate the flare process on smaller scales than previously possi-

ble; this study of “microflares” will provide information on the flare-associated processes of energy
release, particle acceleration, and energy transport in its most basic form (Lin et al. 1984). Di-
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agnostics of regions of reduced activity could be routinely obtained with SIPS and LEIS. The
thermal emission from magnetic structures both within and outside active regions will provide
important information on nonflaring solar activity and coronal heating.

Studies of small-scale emerging magnetic flux, particularly in the form of X-ray bright points
and ephemeral active regions, can also be made with SIPS and LEIS. Large active regions represent
only a small fraction of the total magnetic flux which emerges at the solar surface; the overall balance
between large and small emerging regions is such that the total rate of magnetic flux emergence is
nearly constant throughout the cycle. At present, we do not know the smallest scale size of flux
emergence regions. The size spectrum must turn over at some point, and the improvement in spatial
resolution obtainable with LEIS could be used to determine this value. A number of relatively low
temperature (a few million degrees) strong coronal lines that fall in the XUV region such as Fe XV
at 284A would be ideal for investigating bright points. Temperatures and dynamics information
could also be obtained from the SIPS observations. In addition to investigating bright points,
bright active region loops provide an ideal testing ground for solar loop modelling, a subject that
has received considerable attention in the last several years in both the solar and stellar community.
LEIS could provide the temperature and density distribution along the length of a loop, i.e., the
parameters crucial for comparison with models.

3. THE NONSOLAR OBJECTIVES OF SHAPE

GRID and HIGRANS will have important roles in nonsolar astrophysics. GRID, with
1 arcsecond imaging over a 1 square degree field of view, will be the most powerful hard X-ray
imaging instrument yet flown. With the solar offset pointing capabilities of the MMS, it will
be possible to point GRID at all X-ray sources within 20° (and perhaps further) of the ecliptic
plane. HIGRANS, with keV energy resolution and a 3-steradian field of view, will likewise be
the most powerful high-energy-resolution instrument flown with unique capabilities for the study
of q-ray bursters over a broad energy range. Together, these instruments will bring to high energy
astrophysics an exceptionally potent combination of angular, spectral, and temporal resolution.

~-Ray Bursters. y-Ray bursters are observed as intense flashes of X-ray and 4-ray emission lasting
from a few milliseconds to over 100 s. They are thought to occur on or near the surface of magnetic
neutron stars as a result of either impulsive accretion of matter onto the star, thermonuclear
runaway of more slowly accreted matter, or quakes in the interior caused by sudden phase transitions
(e.g., Ramaty and Lingenfelter 1982).

HIGRANS will detect many ~4-ray bursts in its wide field of view but it will be difficult
to use GRID with its narrow field of view since most standard ~-ray bursts occur at random
times from unpredictable directions. Only two repeating bursters are known: the event on March
5, 1979 (GRB790305) has been followed by later but infrequent events from the same region of
the sky; likewise GRB790324. The recent discovery of a third, more prolific, repeating source in
the galactic bulge presents the exciting possibility that GRID could be pointed at such a source
when it is producing up to 18 bursts per day, as it was between November 1983 and January 1984.
The detection of just one burst with GRID would allow the source to be located to within ~1.5
arcseconds, sufficiently precise to allow a detailed search to be made for a counterpart at other
frequencies. HIGRANS will also be able to detect such bursts during much of the year and
provide high-resolution measures of the spectra, reported to be unusually soft for a 4-ray burst.

Although the origin of individual bursts has not yet been identified, spectral features provide
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strong evidence that neutron stars are the source. Absorption features at energies between 30
and 70 keV are attributed to cyclotron absorption in intense (3 to 5 x 10'? gauss) magnetic fields
associated with neutron stars (Mazets et al. 1981, Dennis et al. 1982, Hueter 1984); emission
features around 400 keV are attributed to gravitationally redshifted 511 keV positron annihilation
radiation corresponding to surface redshifts of z ~ 0.2 (Mazets et al. 1981, Teegarden and Cline
1980). These features are only poorly understood at the present, since, with one exception, they
have all been observed only with low-resolution Nal(T!) detectors. High-resolution spectroscopy
possible with HIGRANS will allow the widths and shapes of the lines to be measured with the
goal of identifying the different mechanisms and emission sites which contribute to the observed
flux.

It will also be possible with HIGRANS to study the continuum spectrum of 4-ray bursts.
SMM observations revealed that the continuum emission extends up to at least 20 MeV and
that a large part of the burst energy is emitted at high energies (Matz et ol. 1985). HIGRANS
observations will bring increased sensitivity and fast timing to the determination of these spectra
and their temporal evolution, which itself can provide additional clues to the origin of the bursts
(Norris et al. 1986).

Supernova Remnants. It is now known that the central pulsar is the energy source of the Crab
Nebula, but the process by which energy is transported from the pulsar to the nebula is not well
understood. The angular structure determined as a function of energy from GRID images can be
used to discriminate between diffusion and bulk transport models for the energy flow, with diffusion
predicting a specific shrinkage of the nebular size with increasing energy. Similar results may be
obtained for other supernova remnants such as Cas A and Tycho.

The Galactic Center Region. The Galactic Center region contains the source of the observed
0.511 MeV positron annihilation line (Johnson et al. 1972, Leventhal et al. 1978, Riegler et al. 1981)
as well as several X-ray sources (Watson et ol. 1981). Imaging with GRID will provide a precise
position for the annihilation line source. HIGRANS will be used to detect the annihilation line
by using observations during Earth occultations for background estimations. In a similar manner,
HIGRANS will also be used to observe emission in the 1.809 MeV line from the decay of 26Al. This
line is believed to be localized in a region with an angular size of <10° arcund the Galactic Center
(Ballmoos et al. 1986). In regions such as the galactic bulge which are crowded with many sources,
it will be possible with GRID to clearly separate individual sources and monitor variability over
a wide range of timescales. GRID will be used in parallel with HIGRANS to study transients
such as X-ray bursters.

Active Galaxies and Clusters. Imaging of the brighter jets of active galaxies (e.g., Cen A) could
be carried out with GRID. The jets are evidence for the transfer of energy from the nucleus of the
active galaxy to the outer radio lobes. Imaging at high energies is crucial for developing physical
models of these sources.

Many clusters of galaxies are known to contain gas with characteristic temperatures of about
8 keV, resulting in hard X-ray emission. From the soft X-ray maps obtained with the Einstein
Observatory, it appears that there are localized regions of enhanced surface brightness. The hard
X-ray measurements indicate the presence of excess flux above a thermal spectrum at high photon
energies (Lea et al. 1981). These hotter regions are not well localized with respect to emission at
lower energies. GRID would have access to many suitable clusters and could pinpoint regions of
hard X-ray emission.
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4. THE SHAPE PAYLOAD

It is clear from the discussion of scientific objectives presented in Sections 2 and 3 of this
proposal that new high-resolution imaging and spectroscopy observations are needed at hard X-ray
and ~-ray energies. Improved low-energy imaging and spectroscopy are also required to define
the structure and plasma conditions in which the high-energy phenomena occur. SHAPE has
been developed to satisfy this need for improved observations. The MAX ’91 science committee,
convened by NASA to study ways to obtain these observations, developed the idea of reusing an
existing Multimission Modular Spacecraft (MMS). This concept, first proposed after the highly
successful SMM repair mission, has now been incorporated as a fundamental aspect of the Explorer
program, with the attendant cost savings and programmatic advantages. A copy of the MAX ’91
report is included for reference with this proposal.

The proposed instruments are shown in the fold-out sheet as they would appear mounted on
an MMS. A summary of their basic characteristics is given in Table 4.0 and a brief description of
each instrument is given in the following four sections with more details in the appendixes. The
instruments have been designed from the beginning to be compatible with the SMM/MMS. The
pointing direction of the instruments is set perpendicular to the symmetry axis of the MMS, so
that the gravity-gradient torques that result from the 7-m-long GRID boom can be handled by
the MMS reaction wheels.

Table 4.0 SHAPE Payload

Instrument Range Angular Technique

Resolution
Gamma-Ray Imaging 5 keV to 1.5 arcsec  Fourier-transform collimators,
Device (GRID) 1 MeV position-sensitive proportional

counters and Nal(T!) detectors

High-Resolution 10 keV to Full Sun Cooled HPGe detectors
Gamma-Ray and Neutron >100 MeV BGO-scintillators
Spectrometer (HIGRANS)

Low-Energy Imaging 240-285 A ~1 arcsec  Normal-incidence UV and EUV telescope,
Spectrometer (LEILS) 1200-1425 A toroidal gratings, imaging detector

Soft X-ray Impulsive 1to 94 Full Sun Flat and bent crystals,

Phase Spectrometer position-sensitive proportional

(SIPS) counters

All the instruments have a considerable heritage of study, development, and flight experience.
Balloon versions of GRID and HIGRANS are currently being developed and are expected to
be flown in the near future. The Fourier-transform imaging technique used in GRID has been
extensively studied for the Pinhole/Occulter Facility. LEIS is based on the design of the Solar
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EUYV Telescope and Spectrometer (SEUTS) developed at NASA-GSFC. SIPS is a considerably
more sensitive version of the SMM-Bent Crystal Spectrometer (BCS) and the P78-1 SOLFLEX
instrument.

The two high-energy instruments, although optimized for solar flare bursts, are also able to
make important new cosmic observations, particularly of transient phenomena. They could also be
modified to provide very high sensitivity cosmic observations, comparable in quality to observations
from the best instruments designed exclusively for that purpose. An attractive and cost-effective
possibility is to design SHAPE so that GRID and HIGRANS could be easily refurbished for
cosmic observations after 1995, when solar flare activity should greatly decrease. LEIS and SIPS
are both powerful instruments for observations of the nonflaring Sun and so could provide valuable
observations even during the minimum in solar activity.

Other aspects of the SHAPE program would follow the highly successful approach adopted
for SMM. The four SHAPE instruments would be designed and built by separate principal in-
vestigator teams with clean interfaces to the spacecraft. Each instrument team would have its own
computer for prelaunch testing and postlaunch instrument control and data analysis. Communi-
cation among the scientific teams and with ground-based observers and the rest of the interested
scientific community would be assured by the free exchange of data between computers and exten-
sive collaborative data analysis, in a manner pioneered in the SMM Experimenters’ Operations
Facility. The convenient exchange of data, images, and text made possible by modern computer
networking will add new dimensions to the involvement of guest investigators.

In many respects, SHAPE will be simpler and less expensive than SMM. Since all the
instruments view the whole Sun (LEIS has an internal gimballed mirror to allow it to scan the whole
Sun), the spacecraft can be kept pointed at Sun-center for all the solar observations. Consequently,
the operations should be greatly simplified compared to SMM, where the pointed instruments
observed only small fractions of the solar disc, and the spacecraft pointing had to be constantly
adjusted to keep the most promising active region in the fields of view. The pointing tolerance of
the SHAPE instruments is much less severe, about 2 arcminutes compared with <2 arcseconds
for SMM. The aspect must be determined with greater accuracy than for SMM - 0.2 arcseconds
compared with 1 arcsecond — but, for the solar observations, it will be provided by the aspect sensor
built into the GRID instrument. For the nonsolar observations, the aspect will be determined from
the spacecraft star tracker with an accuracy to be determined in a Phase A study.

If the SHAPE instruments are exchanged in orbit with a payload already on the MMS, then
it may be possible to carry the individual instruments to orbit in load-isolation canisters, thus sig-
nificantly reducing the environmental design requirements and, hence, the cost of the instruments.

The total data rate from the SHAPE instruments will be higher than the SMM rate with a
peak of about 2 Mbps, but inclusion of the two standard 10°-bit tape recorders will allow the data
for a flare to be stored for later high-speed playback. Data handling and compression methods will
be investigated during the Phase A study.

It is clear that the SHAPE payload poses no great new technological challenges, and instru-
ment development is already well under way. Consequently, we believe that the SHAPE payload
can be built, with the help of extensive European participation, at a cost within the constraints
of the Explorer program. Preliminary cost estimates made by the instrument teams and by the
GSFC Resource Analysis Office indicate that this is indeed the case.

-12 -




4.1 Gamma-Ray Imaging Device — GRID

The GRID instrument, shown schematically in Figure 4.1, has significant new capabilities for
solar and cosmic high-energy astronomy.

Solar Flare Studies. The primary objectives of GRID for solar flare observations are:

o Identification of sites of particle acceleration and interaction.

¢ Study of temporal and spatial development of both the thermal and nonthermal electron
components of solar flares.

¢ Imaging of the accelerated nucleon component of strong solar flares.

To date, solar hard X-ray images have been limited to a resolution of 8 arcseconds and to
energies below 40 keV. GRID will have 5 times better angular resolution, the capability of imaging
solar flares to energies as high as 1 MeV, and a factor of 1000 improvement in sensitivity over HXIS
on SMM. The high sensitivity will, for the first time, allow studies of flares to be made on arcsecond
size scales and subsecond time scales comparable to those associated with the magnetic structures
and with the processes that modify the electron spectrum (see Section 2.1). The high sensitivity
and full Sun coverage of GRID will allow the spatial study of many flares per month, thus providing
a large sample of high-energy flares for statistical analysis (see Appendix A).

Galactic and Extragalactic Source Studies. The observational objectives of GRID for high-
resolution hard X-ray and v-ray imaging include:

e Determination of the energetic particle distribution in supernova remnants.

e Study of the spatial structure of active galactic nuclei at energies above 10 keV, including
determination of the ratio of core to jet emission.

e Localization of hard X-ray and y-ray sources in the galactic center region, including the
positron-annihilation source and repeating soft 4-ray bursters.

e Study of the spatial structure of hard X-ray emission in clusters of galaxies.

In addition to its high angular resolution, GRID also has excellent broad-band coverage
(5 keV - 1 MeV), high sensitivity, and good time resolution. It will be able to image numer-
ous bright sources of hard X-ray emission, achieving a 30 sensitivity for each subcollimator of
~ 4 x 10~® photons cm~2 s~! keV~! at 100 keV for an observation lasting for 10° s. Interesting
sources for observation up to at least 100 keV include the galactic center, the Crab, 3C273, the
Virgo and Perseus Clusters, NGC 1275, NGC 4151, and Cen A.

Instrument Characteristics. GRID is based on a Fourier-transform imaging technique de-
scribed in Appendix A. Two widely spaced, fine-scale grids create a large-scale modulation pattern
of high-energy photons which can be measured with a detector having only moderate spatial reso-
lution. This modulation pattern contains the phase and amplitude information for a single Fourier
component of the source distribution. Multiple grid pairs with a variety of slit spacings and angular
orientations are used to sample numerous Fourier components. An image is constructed from these
Fourier components in exact analogy to multi-baseline radio interferometry.

Table 4.1 summarizes the GRID instrument parameters. The basic design uses 34 grid pairs
to measure 34 separate Fourier components corresponding to angular size scales of 1.5 arcseconds to
3 arcminutes. Each grid pair sub-collimater has two position-sensitive detectors with overlapping
energy coverage: a Xenon multiwire proportional counter for X-ray energies up to 50 keV, and a
Nal(T!) detector for higher energies up to 1 MeV (see Appendix A for more details).
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Table 4.1 GRID instrument parameters

Technique.......... Fourier-transform imaging X-ray detectors...... Position-sensitive multiwire
(5 to 50 keV) proportional chambers

Angular resolution .. 1.5 arcsec {3 cm X 10 cm X 10 c¢m)

Field of view ....... Full Sun (0.6 degrees) ~-ray detectors ..... Nal(T!) scintillation cameras

(30 keV to 1 MeV) (2 cm X 10 cm X 10 cm)
Boom length ....... Tm
Total detector area .. 3400 cm?
Parameters of grids

Number of pairs ...34 Sensitivity
Slit spacings ...... 50 um to 6 mm (5to 40 keV)...... 1000 x HXIS

(1.5 arcsec to 3 arcmin) (>40 keV)......... Totally new capability
Upper dimensions..17 cm X 17 cm ~2 flares per day
Lower dimensions..10 cm X 10 cm
Thickness . ........ lcm Aspect sensors ...... Solar Disk Sextants
Material .......... Tungsten (see Appendix A)

UPPER FOURIER-
TRANSFORM GRID

LOWER FOURIER-

TRANSFORM GRID

ASPECT SYSTEM
DETECTOR

LOWER GRID

MULTIWIRE
PROPORTIONAL
CHAMBER

Nal SCINTILLATION
CAMERA

Figure 4.1. Schematic of GRID.
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4.2 High-Resolution Gamma-Ray and Neutron Spectrometer — HIGRANS

The primary objectives of HIGRANS are as follows:
e High-resolution spectroscopy of solar flare 4-ray lines from 300 keV to 20 MeV.

e High-resolution flare X-ray and 4-ray continuum measurements from 10 keV to >20 MeV,
and moderate-resolution 4-ray continuum measurements to >100 MeV.

e Flare neutron measurements from 20 MeV to 1 GeV.

Nonsolar objectives include high spectral and high temporal resolution observations of cosmic
~-ray bursts and other transient sources, including accurate measures of cyclotron lines, gravita-
tionally red-shifted positron annihilation lines, and other spectral features. It will also monitor
longer timescale transient line features from other sources such as SS433, the Crab pulsar, and the
galactic center, as well as steady line sources such as the 26 Al line from explosive nucleosynthesis.

HIGRANS, shown schematically in Figure 4.2, is designed to provide spectral resolution
of a factor of about 50 higher than previous NaI{T!) 4-ray spectrometers, sufficient for accurate
measurement of all parameters of the expected 4-ray lines with the exception of the neutron capture
deuterium line, which has an expected FWHM of about 0.1 keV. The instrument is optimized for
spectroscopy of solar -ray and hard X-ray bursts, which typically have durations of 10 to 1000 s.
Thus, high count-rate capability and wide dynamic range are required, while background rejection
must be good, but not outstanding. In particular, a wide field of view (120° FWHM), appropriate
for the non-solar burst objectives, is acceptable from background considerations. The sensitivity
of HIGRANS for measurements of narrow y-ray lines, hard X-ray and 4-ray continua, and flare
neutrons is a factor of 5 to >10 higher than that of SMM instrumentation.

The instrument consists of an array of high-purity, n-type coaxial germanium detectors (HPGe)
cooled to 90 K and surrounded by bismuth germanate (BGO) and plastic scintillator anticoincidence
shields. Electrical segmentation of the HPGe detector into a thin front segment and a thick rear
segment, together with pulse-shape discrimination, provides optimal dynamic range and signal to
background characteristics for flare measurements over the energy range from 10 keV to 20 MeV.
Neutrons and >20 MeV ~-rays are detected and identified with the combination of the HPGe
detectors and rear BGO shields. Table 4.2 gives the parameters of HIGRANS; further details on
the instrument and its current state of development are given in Appendix B.
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Table 4.2. HIGRANS instrument parameters

Energy range

~-rays and hard X-rays......... 10 keV to 20 MeV (high-resolution HPGe)
20 MeV to >100 MeV (medium resolution BGO)
Neutrons..........coovveunann.. 20 MeV to 1 GeV
Energy resolution.................. 0.6 to 5 keV FWHM (high-resolution HPGe)
Total detector area................ 340 cm? HPGe, 1400 cm? BGO
Fieldof view ...................... 120° FWHM
Shields.............coiiivian, 5-cm-thick BGO on sides,

three 5-cm thick BGO at rear,
1-cm-thick plastic scintillator
over 47 steradians

Germanium detector cooling....... 90 K for 3 years with solid-cryogen cooler
PLASTIC  Sem BGO
T -I W SHIELDS  SHIELDS

CRYOGENKC COOLER

SEGMENTED Ge
DETECTORS, i2 TOTAL
6cm dlo x 6cm

1 METER|

994

PHOTOMULTIPLIER
TUBES

Figure 4.2. Schematic of HIGRANS.
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4.3 The Low-Energy Imaging Spectrometer — LEIS

LEIS is designed to provide comprehensive measurements of the geometry and plasma prop-
erties of solar material throughout the temperature range from 8 x 10% K to 2 x 107 K. It is the first
solar physics instrument with the capability of obtaining high spatial and spectral resolution data
with high time resolution in both the UV and EUV wavelength ranges simultaneously. The wide
temperature coverage will be achieved by observing in the UV and EUV wavelength bands from
240 to 285 A and 1200 to 1425 A, respectively. LEIS will be used to make unique observations,
important to many areas of solar physics discussed in Section 2 including flares, preflare activity,
active regions, coronal bright points, and the quiet Sun. Major science objectives for LEIS include
the following:

Determine the preflare magnetic field configuration.

Determine the relationship of the high-energy accelerated particles to the thermal flare.
Evaluate flare energetics and plasma diagnostics.

Test for the presence of beams of protons with energies between ~10 keV and 1 MeV.

The ability to make monochromatic images over this broad temperature range will allow the
first detailed observations of preflare loop structures to be made with LEIS. During the impulsive
phase, images taken with LEIS in UV transition zone lines such as Si IV will reveal the sites of
chromospheric heating due to energy deposited by high-energy electrons. These sites should be
the footpoints and sources of evaporation for the thermal coronal flare plasma that produces the
soft X-ray flare. These observations can be combined with the GRID images to give a complete
picture of the geometry of the high-energy flare. The UV images, combined with the EUV images
in spectral lines such as Fe XXIV (2 x 107 K), which indicate the locations, sizes, and orientations
of the soft X-ray flare loops, will directly test the chromospheric evaporation hypothesis.

As discussed in Section 2, there is considerable interest in whether or not proton beams exist
at energies below ~1 MeV and, if they exist, with what intensity. The only way that we have
for detecting such protons is by studying the shape of the Lyman-a line. The Lyman-a emission
from the de-excitation of the hydrogen atoms formed by charge exchange between ambient atoms
and downward-moving protons will be red-shifted for flares observed near Sun center. Thus, the
Lyman-a line will exhibit a characteristic asymmetry, which can be accurately measured with

LEIS, and which gives an indication of the presence and intensity of protons with energies down
to ~10 keV.

The two LEIS wavelength ranges have been chosen to cover spectral lines important from the
diagnostics standpoint. For example, observations of the UV intersystem lines, O V, S IV, and
O 1V, together with allowed lines of Si IV and N V, enable the electron density of the regions heated
by electron beams to be determined. Similarly, the EUV lines of Fe IX are excellent indicators of
electron density for plasma near 10® K. In addition, the intensities of the measured lines covering a
broad temperature range can be used to determine the differential emission measure distribution,
which can be related to energy transport processes and dynamics in the flare plasma. Finally,

LEIS can be used to measure line broadening and Doppler shifts due to plasma turbulence and
bulk motions, respectively.

LEIS, shown schematically in Figure 4.3, consists of an off-axis parabola operating as a prime-
focus telescope, a slit assembly, a toroidal-grating assembly, and an imaging detector. Functionally,
LEIS operates as a high-speed stigmatic spectroheliograph. The primary mirror has a 2-m focal
length, and is articulated, permitting the optic axis of the telescope to be pointed to any position

-17-



on the solar disk without moving either the instrument or the spacecraft. The grating assembly
contains two toroidal gratings, one operating in the UV, the other in the EUV. The detector is a
phosphor-sensitized intensified television camera based on a Plumbicon tube. Tapered fiber-optic
lenses are used to match the 1 x 1 arcsecond pixel size required at the focal plane to the pixel size
required by the intensifier and Plumbicon sections. The Plumbicon readout electronics are designed
to permit selective addressing of areas of the focal plane, so that only the desired spectral lines are
read out to the data system. The instrument is controlled by a microprocessor which sequences
the operation of the primary mirror, the entrance slit mechanism, the detector control electronics,
and the data handling system. ,

XUV GRATING DETECTOR

PRIMARY MIRROR

PRIMARY GIMBAL

MIRROR

UV GRATING s

ENTRANCE \

APERTURE

Figure 4.3. Schematic of LEIS.

The primary mirror is a rectangular section cut from a paraboloid of revolution
and defines two collecting areas. The lower collecting area is coated to optimize for EUV
reflectivity, while the upper area is optimized for UV reflectivity. Since they are part of the
same parabolic surface, the UV and EUV images are rigorously co-aligned on the entrance
slit of the spectrograph. The chief rays, defined by lines from the center of each section to
the center of the entrance slit, converge toward the entrance slit and then separate again
inside the spectrograph, as shown in Figure 4.3. This feature of the telescope allows the
two sections of the spectrograph to operate simultaneously and independently.

To create a spectroheliogram, one observes a sequence of spectrograms, moving the
primary mirror between each so that the slit sweeps across the desired area of the solar disk.
A spectroheliogram can have any desired width and can be centered about any position on
the disk. The basic sampling rate of the detector is 2 x 10* spectral elements per second.
(One spectral element corresponds to an intensity measurement at one wavelength for each
of the 480 UV or EUYV spatial elements.) These rates would allow us to sample about 40
spectral elements distributed between the UV and EUV image planes while completing
a full 8 x 8 arcminute spectroheliogram in 1 8. The system can also operate in a slitless
spectrograph mode for higher sensitivity.
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4.4 Soft X-Ray Impulsive Phase Spectrometer (SIPS)

The SIPS instrument (shown in Figure 4.4) consists of eight high-sensitivity bent-crystal spec-
trometers (HSBCS) and two high-sensitivity flat-crystal spectrometers (HSFCS). The wavelength
coverage is given in Table 4.3.

Table 4.3 Principal characteristics of SIPS

Wavelength Number of Spectral
Instrument Channel Coverage Detectors Resolution
(A) (A/62)
HSBCS Ca XVIII-XIX 3.160 — 3-235 3 5000
Fe XXII-XXV 1.840 — 1.985 3 12500
Fe XXVI 1-769 - 1-796 2 5000
HSFCS Low Temp. 1.0 - 9-0 1 15000
High Temp. 1.0 - 4-0 1 15000

SIPS will provide, for the first time, soft X-ray spectra on a timescale characteristic of the
impulsive phase (<1 s). This is accomplished with a factor of 10 greater sensitivity than was
available from the corresponding channels of the SMM-BCS, thus allowing the following new
measurements to be made, all with exceptionally high time resolution throughout the flare:

e Measurements of turbulent and bulk plasma motions before, during, and after the impulsive
phase.

e Measurements of the dynamics, temporal evolution, and the differential emission measure of
the thermal plasma, including the superhot component.

e Measurements of the transient ionization to provide density estimates of the high-temperature

(>107 K) plasma.

e Highly accurate measurements of the abundance of about a dozen elements in the soft-X-ray-
emitting plasma.

The mechanical structure for the HSBCS will be largely identical to that of the SMM-
BCS. It will consist of the eight curved crystal assemblies and eight corresponding one-dimensional
position-sensitive proportional counters. An attractive feature of the bent-crystal design is that
it requires no moving parts and is, thus, highly reliable. The multiplicity of similar channels also
adds redundancy as well as sensitivity. The instrument will view the entire Sun.

The HSFCS will be a scanning Bragg crystal spectrometer. The design will be a greatly
improved version of the P78-1 spectrometer (SOLFLEX). The two HSFCS crystals are inde-
pendently driven and will have effective areas about 6 times greater than those of the SOLFLEX
spectrometers. The HSFCS spectrometers will scan any selected wavelength range between 1 and
9 A. The complete range can be scanned in about 5 minutes.

The HSBCS will use germanium crystals with the same two cuts as used for the SMM-
BCS. These crystals can be easily bent and provide high spectral resolution and reflectivity. Other
crystals with higher reflectivity and spectral resolution will also be considered. One of the HSFCS
spectrometers will include a germanium crystal to provide in-orbit cross-calibration of wavelength
dispersion with HSBCS. The 1-9 A HSFCS channel will use an ADP crystal. The HSBCS
detectors will be sealed, one-dimensional position-sensitive proportional counters. The position
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resolution of the detectors will be increased fourfold over the SMM-BCS by making use of a
modified wedge and strip design for the readout. The double wedge readout provides low thermal
noise, low distortion, and good linearity. The HSFCS will use two standard sealed proportional
counters.

The digital electronics design, which will be similar to that of the SMM-BCS, will include a
microprocessor-based system and will control data acquisition and transmission for both HSBCS
and HSFCS. The microprocessor adds flexibility to the instrument, making it possible to vary the
temporal and spectral resolution of the different channels, coordinate flare observations between the
two spectrometers and the rest of the payload, and optimize the overall performance. Alternatively,
the data can be processed at a higher rate and put in a queued memory store for later transmission;
this can improve the time resolution in all channels during the impulsive phase. This microprocessor
makes possible in-orbit software modifications, real-time processing of the data, and flare alerts to
other instruments on board. Much of the analysis software developed for the SMM~-XRP can be
directly adapted for use with SIPS data, thus achieving equivalent savings to that obtained by
using existing mechanical and electronic designs.

PROPORTIONAL
COUNTER DETECTOR

ELECTRONICS

FLAT

™ CRYSTAL

-

POSITION
- SENSITIVE
DETECTOR

/'

™S BENT CRYSTAL
THERMAL

‘ SHIELD—"|

POSITION
. SENSITIVE
DETECTOR

i~ BENT CRYSTAL

Figure 4.4. Schematic of SIPS

-20 -




40IAdd
ONIDVINI
AVH-VNNVD

H313IWO0HLIIdS
NOHLN3N H3L1IWOHLI3dS H313IW0YHLIAdS
ANV AVH-YWIAYD ASVHd IAISTNdWI ONIOVYWI
NOILNT10S3Y-HOIH AVH-X 1408 ADHINI-MOT

- T
=i el

w
3
[
2
Q
SNVHOIH a
=
SHOLINOW S34008313L
NOHLN3N g3asva
ANy disi -ONNOYD
]
X s \W\/ \/ \/ \
SNOULOTT NOILD3r3 SaNn wnnninod | | wnnninos S3aNN S3NN NOISSI3
ANV SNOLOYd NOHLNIN Avd 4 AVH- A AVHX AVHX ANX/AN 1vOLLO
AUV LINVIdHILNI HYTIONN aNv olavY

L

f

f

]

|

]

H

J

H.._|L.

SNOILOW
VWSY1d

ONILYIH
VYWSYd

NOILvH3T1300V

NOL10Yd

[

NOILVH3T3IIV
NOYL10313

|

\

NOILVdISSIA JILINDOVIN

\ FOLDOUT FRAME



HIHO1dXF SVWSVId TVIISAHJOHLSY ADHINI-HOIH HVI0S

H3LIWOHLI3dS ONIDYII
ADHINI-MO1 — =

H313WO0H103dS
3SVHd IAISINdNI
AVH-X 1408

/ H3I13IWOHLDO3dS
NOY1N3N ANV
AVHVAAVYD

o 30IA30 ONIDYWI
AVE-VWAYD  NOILNTOS3H-HOIH

3dVHS

FOLDOUT FrRAME

Z
J



5. STATEMENT OF WORK

" The goal of the Phase A study is to produce a detailed conceptual design of the four instruments
that make up the SHAPE payload and to define the solar and cosmic scientific objectives of
such a mission. The study will include the identification of mission, spacecraft, and operations

requirements. A management approach will be recommended and a cost estimate will be developed
for each instrument and for the complete mission.

The proposed Phase A study will be conducted under the overall direction of the Principal
Investigator at Goddard Space Flight Center with the Lead Scientists coordinating studies of the
four different instruments and the theoretical support. A study of SHAPE as a coordinated
mission will be conducted at GSFC in order to plan the integration of the instruments onto an
MMS spacecraft and to determine what test and evaluation procedures will be required. A plan
will be developed for in-orbit operations including commanding the instruments, handling the data
on the spacecraft, and analyzing it on the ground.

To coordinate these Phase A activities, two general meetings will be held at GSFC, in Septem-
ber 1987 and in June 1988. Instrument team meetings will be held in conjunction with these general
meetings and also at other times during the year-long study as required by the team leaders. The

schedule of the Phase A activities is as follows:
1st Quarter: Organizational meeting, definition of detailed technical issues.
2nd Quarter: Baseline design definition, development of management approach.
3rd Quarter: Detailed costing of instruments, independent review of conceptual designs.
4th Quarter: Preparation of final report.

Quarterly reports will be written by each team leader and these will be assembled by the PI
for presentation to the Study Office. Technical information and study feedback from the Study
Office will also be channelled through the PI to the team leaders.

The final report will contain the following sections:

(1) a comprehensive conceptual design for the instruments.

(2) an approach for instrument development, fabrication, and test.

(3) identification of the mission, spacecraft, and operation requirements.
(4) detailed definition of the solar and cosmic scientific objectives. and
(5) a management approach and cost estimate.

In addition to the Co-Investigators listed on the title page of this proposal, a number of other
people have agreed to act as Associated Scientists for the Phase A study; they are listed in the
statements of work for each instrument. Such a large scientific team is appropriate for this planning
stage, when it is important to consider a wide variety of ideas for future observations. One of the
major tasks of the Phase A study will be to identify a smaller management team to be responsible
for the hardware in Phase B and Phase C/D. A management plan will be developed for each
instrument and for the overall payload. It will be decided where the major components of each
instrument will be built, and where each instrument and the overall payload will be integrated
and tested. The decisions will be based on scientific quality, cost minimization, efficiency, and the
availability of the required expertise and capabilities.
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5.1 Statement of Work for the Overall Mission

We assume, for the purposes of this proposal that the spacecraft will be an MMS, although

any similar three-axis stabilized spacecraft could be used. A list of mission-wide concerns to be
studied during Phase A follows with names of the responsible scientists. Appropriate technical
support will be available at GSFC to assist in these studies.

Develop verification requirements for instrument and payload environmental tests. (L. Orwig)
Study thermal control of individual instruments and of the overall payload. (M. Bruner)

Determine co-alignment requirements between the different instruments, particularly GRID
and LEIS, and establish how these can be achieved. (T. Prince, M. Bruner, E. Maier)

Establish a plan to obtain coordinated ground-based radio and optical observations with
absolute time determined to better than 1 ms throughout the observations. (B. Dennis,
H. Hudson)

Study the arrangement of the instruments on the platform equipment deck to ensure minimum
interference between instruments and gravity-gradient torques that can be handled by the
avacecraft reaction wheels. (L. Orwig)

Develop a plan for solar observations that will have the minimum number of different in-
strument operating modes consistent with achieving the scientific objectives. (H. Hudson,
C. Crannell, M. Bruner, K. Strong)

Develop a plan for nonsolar observations taking into account the limitations on the offset
pointing capabilities of the spacecraft. (K. Wood, R. Lingenfelter)

Study the commands, data rates, and on-board data storage requirements. (L. Orwig, R. Shine)
Establish a plan for postlaunch operations and data analysis to ensure free and prompt access
to the data and analysis software by all interested scientists. This will include studies of

the required computing facilities, software support, and manpower requirements. (B. Dennis,
R. Shine, K. Strong)

Make estimates of instrument and overall mission costs. (C. Crannell)

5.2 Statement of Work for GRID

T. Prince (lead scientist) California Institute of Technology (CIT)
C. Crannell, B. Dennis, L. Orwig NASA - Goddard Space Flight Center (GSFC)
A. Dean Southampton University (SU), UK
J. L. Culhane Mullard Space Science Laboratory (MSSL), UK
E. Fenimore Los Alamos Scientific Laboratory (LASL)
H. Hudson University of California at San Diego (UCSD)
G. Hurford California Institute of Technology (CIT)
E. Maier NASA - Goddard Space Flight Center (GSFC)
G. Simnett University of Birmingham (UB), UK
S. Sofia Yale University Observatory (YUO)
E. Tandberg-Hanssen, J. Dabbs NASA - Marshall Space Flight Center (MSFC)
F. van Beek Delft University of Technology (DUT), The Netherlands
K. Wood Naval Research Laboratory (NRL)
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The following specific technical issues concerning GRID will be studied by the indicated
institutions with technical support provided by GSFC and MSFC:

NaI(T!) detectors/analog electronics CIT, SU

Proportional chambers UB, MSSL

Digital electronics/data handling CIT, GSFC, UB

Grid fabrication 'DUT, GSFC, LASL, NRL
Structure/thermal control/integration and test MSFC

Alignment/aspect YUO, DUT, GSFC
Imaging simulations CIT, GSFC, LASL

Data reduction/distribution CIT, GSFC, UCSD

International collaboration is anticipated in the following three areas: F. van Beek of the
Netherlands will be responsible for studies of grid fabrication, G. Simnett and L. Culhane of the
UK will be responsible for design of the proportional chamber system, and A. Dean of the UK will
participate in studies of scintillation detectors.

5.3 Statement of Work for HIGRANS

R. Lin (lead scientist) University of California, Berkeley (UCB)

E. Chupp, P. Dunphy, D. Forrest ~ University of New Hampshire (UNH)

C. Crannell, L. Orwig NASA - Goddard Space Flight Center (GSFC)
K. Hurley CESR, Toulouse, France

S. Kane, R. Pehl, University of California, Berkeley (UCB)

J. Matteson, R. M. Pelling University of California, San Diego (UCSD)

C. Reppin, G. Kanbach, E. Rieger Max Planck Institute, Garching (MPI), FRG
G. Share, K. Wood Naval Research Laboratory (NRL)

The specific technical areas identified for study, and the institutions involved are (lead insti-
tution listed first):

Segmented HPGe detectors/analog electronics UCB
Cryostat and mechanical structure for HPGe UCB, UCSD
Cryogenic cooler UCB, GSFC
BGO shield design UNH, CESR, MPI
BGO elements and electronics CESR
Instrument calibration UNH, UCB
Instrument mechanical structure MPI

Digital electronics/data handling GSFC, UCB
Data reduction/distribution GSFC
Integration and test GSFC
Instrument background studies NRL, UCB

Strong international collaboration is anticipated during the study phase, and roughly half
of the instrument (both the BGO and plastic shields, all associated electronics, and instrument
mechanical structure) is expected to be obtained from Europe.
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5.4 Statement of Work for LEIS

M. E. Bruner (lead scientist)
J. Bartoe, G. A. Doschek

L. Golub

G. Holman, R. Thomas

R. Moore

R. Shine, K. T. Strong

Lockheed Palo Alto Research Laboratory (LPARL)
Naval Research Laboratory (NRL)

Smithsonian Astrophysical Observatory (SAO)
NASA - Goddard Space Flight Center (GSFC)
NASA - Marshall Space Flight Center (MSFC)
Lockheed Palo Alto Research Laboratory (LPARL)

The following specific identified for study and the institutions involved are:

Optical design

e Spectral ranges and resolution NRL, LPARL
e Spatial resolution NRL, LPARL
e Ray tracing and design optimization GSFC

e Mirror coatings GSFC, LPARL

Cost analysis

Detector tradeoff study

UV section optical design
Instrument system approach
Observing modes

LPARL, NRL, SAO

SAO, LPARL, GSFC
LPARL, NRL

LPARL, GSFC, NRL, SAO
LPARL

Identification of auxiliary studies & observations GSFC, NRL, LPARL

Stray light control
5.5 Statement of Work for SIPS

NRL, LPARL, GSFC

J. L. Culhane (lead scientist)
R. C. Catura, K. T. Strong

A. M. Cruise, K. J. H. Phillips
G. A. Doschek, U. Feldman

J. R. Lemen, J. H. Parkinson

Mullard Space Science Laboratory (MSSL), UK
Lockheed Palo Alto Research Laboratory (LPARL)
Rutherford Appleton Laboratory (RAL), UK
Naval Research Laboratory (NRL)

Mullard Space Science Laboratory (MSSL), UK

The SIPS instrument will be studied by an international consortium consisting of four groups.
The division of responsibilities during the study closely matches the modular sub-components of
the instrument. The study will define scientific objectives and provide a comprehensive design for
the instrument, plans for testing and integration, and operational plans for the mission and data
reduction. The specific technical areas identified for study, and the institutions involved are:

HSBCS mechanical structure
HSBCS crystal assemblies

HSFCS mechanical structure, crystal
Detectors and analog electronics
Digital electronics and distribution
Integration and test

Instrument calibration

Data reduction and distribution

MSSL
RAL
assemblies NRL
MSSL
LPARL
MSSL, NRL, LPARL
MSSL, NRL, RAL
MSSL, NRL, LPARL, RAL
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5.6 Statement of Work for the Theoretical Support Team

R. Ramaty (lead scientist) NASA - Goddard Space Flight Center (GSFC)
G. A. Doschek Naval Research Laboratory (NRL)

G. Emslie University of Alabama in Huntsville (UAH)

R. Lingenfelter University of California at San Diego (UCSD)

The Theoretical Support Team will conduct a Phase A Study of the scientific objectives of
SHAPE in order to refine the observational goals of the instrument teams.
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6. SHAPE COST PLAN

In the following section the SHAPE costing plans are described. Table 6.1 is a summary
of the overall costs of the Phase A study to NASA in 1986 dollars. These costs and manpower
requirements are broken down in detail for each instrument team and the theoretical support group
in Table 6.2. Estimates of the European costs have been made, based on current exchange rates.
Table 6.3 shows the GSFC manpower and resources requirements for Phase A. The SHAPE travel
budget breakdown for payload meetings at GSFQ is listed in Table 6.4. The travel requirements
for experiment team meetings, if any, are contained in the relevant institution’s budget, which are
summarized at the end of this section and based on their statement of work (see Section 5).

Table 6.1: Summary of Phase A Costs to NASA for SHAPE

INSTITUTION COST ($K) MANPOWER (MM)
GSFC 38 75.6
IMS 47
Travel (non-civil service) 25
Cal Tech (GRID) 72 6.5
Berkeley (HIGRANS) 40 5.5
UNH (HIGRANS) 20 0.6
NRL (HIGRANS) 5 0.8
LPARL (LEIS) 78 5.4
LPARL (SIPS) 35 24
NRL (SIPS) 35 2.0
UCSD (Theory) 5 0.8
TOTAL 400 99.6

MM = Man months of effort

European costs (not including salaries):

Max Planck Institute (HIGRANS): DM 100K (~$ 40K)

CESR, Toulouse (HIGRANS): FF 200K (~$ 30K)

MSSL, UCL, UK (SIPS): £ 20K (~$ 30K)

TOTAL European Costs (~$100K)
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Table 6.2 Cost Breakdown by Instrument

INSTRUMENT INSTITUTION COST ($K) MANPOWER (MM)
GRID
Cal Tech 72 6.5
GSFC 11 18
TOTAL for GRID 83 24.5
HIGRANS
UCB 40 5.5
UNH 20
NRL 5
GSFC 20 324
TOTAL for HIGRANS 85 37.9
LEIS
LPARL 78
GSFC 12 11
TOTAL for LEIS 90 11
SIPS
LPARL 35 24
NRL 35 2
- TOTAL for SIPS 70 44
Theory Group
UCsD 5 0.6
GSFC 8 3.0
TOTAL for Theory 13 3.6
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Table 6.3: GSFC Cost and Manpower Estimates in Man Years (MY)

GSFC Code Mission-wide GRID HIGRANS LEIS
Code 600:
D. Burritt 0.05
C. Crannell 0.2 0.25
B. Dennis 0.3
G. Holman 0.1
L. Orwig 0.1 0.25
R. Ramaty 0.2
R. Schmadabeck 0.05
R. Thomas 0.2
Code 200:
0.1
Code 700:
Electronics and
data handling 0.2 1.0 1.0
Thermal analysis 0.2 0.6
Instrument I & T 0.2 0.4
T&E 0.2
Optics 0.7
TOTALS 1.2 1.5 2.7 0.9
Total GSFC Civil Service Manpower 6.3 MY
TOTAL IMS costs @ $7.5K per MY $47.25K
ADDITIONAL COSTS:
Mission design analysis $15K
Thermal analysis $ 4K
T & E verification requirements $ 8K
LEIS optical design $ 5K
Scientific theory postdoctoral support $ 4K
Computer time (IBM3081) $ 2K
TOTAL ADDITIONAL COSTS $38K
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Table 6.4: SHAPE Travel Expenses

West Coast Number of trips East Estimated Cost
Bruner, Shine 4 $750
Catura 1 $750
Hudson 2 $750
Hurford 2 $750
Kane 2 $750
Lin, Pehl 4 $750
Lingenfelter 1 $750
Matteson, Pelling 1 $750
Prince 4 $750
SUBTOTAL 21 trips $ 158K
East Coast Number of trips to GSFC
Chupp, Dunphy, Forrest 4
Emslie 2 $350
Golub 2 $350
Sofia 1 $350
SUBTOTAL 9 trips $ 3.2K
SUBTOTAL $ 19K
OVERHEAD @ 34% $ 6K
TOTAL $ 25K
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BUDGETS FOR INDIVIDUAL SHAPE INSRUMENT TEAMS

a) Lockheed Palo Alto Research Laboratory for LEIS

Total Labor Hours
Reasearch Scientist..................... ...
Staff Engineer..............coiiiiiniin.t
Staff Scientist . ......coov i,

344
260
280

Total Labor Hours

864

Direct Labor Cost..........oooiiiiiiiiiii i, $ 24,

515

Total Overhead Cost .. .....coviviiiniiiii i iiiriieeeeinrnrneens $ 36,895

L N 07 R $ 9,953

Cost of MODeY .. oviiie vttt i iiie it ieeronnaenntestssoannneonns $ 2985
SUBTOTAL $ 74,348

Fixed Fee (5%0) ....ooviiiiiiiiiiiiiiiiiiiii i $ 3,568
TOTAL $77.916

b) Lockheed Palo Alto Research Laboratory for SIPS

Total Labor Hours
Reasearch Scientist...........covvvvvinnnnn

Staff Engineer.............c..coiiiiiiinan..
Total Labor Hours

200
177

377

Direct Labor Cost.....ovvieitiiiiiiiiiiiii it iiiieieinennnaas $ 9,681

Total Overhead Cost .. ....cvviiriiniiriireiiiiinneeeenneens $ 14,547

O T N 0 $ 3,883

Trave]l CoStS .. vviveens ceeeeriaiereenseaneeananenaeasneeaneannns $ 3,

Other Direct CostS ..o v vttt etreiererreeeseiarerenreeeannnn. $

121

600

Cost Of MODEY ... oivir iiiiiiiiieine it ennaateeeneneannas $ 1,229
SUBTOTAL $ 33,061

Fixed Fee (5%) ... oovvrviiiiiiiiiii ittt $ 1910
TOTAL $34.971
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c) Naval Research Laboratory for SIPS

Total Labor Hours
Reasearch Scientist.................ccoont 140
Consultant (crystals)...................... 80
Mechanical Engineer ...................... 240
Total Labor Hours 420

Direct Labor Cost . ouvuueneeeueeeuneiiiiineiiriiniiiieeeanannns $ 15,100

Total Overhead CoSt .. ...ovieeurerereierntiireniinciieiieaaens $ 15,500

TrAVEl COStS .. v e tieer v eteeieeneeeeeerenennaeiiieanieneinnnes $ 2,000

Computer CostS.......cvuiiiuiritiertiiieiernereaeeeaireaneaenans $ 2,000

d) Theoretical Support Group

Total Labor Hours

R.Ramaty......ccoviiiieiinirinnnniennns. 400 ($2,000)
R. E. Lingenfelter......................... 100 ($5,000)
R. Murphy............. e 200 ($4,000)
Total Labor Hours 700
Direct Labor Cost .. ... veuneirneeeeeeenenereanteneeeenannennns $ 11,000
Computer CostS......cvvurtiririiineiiierrirererareueneneananens $ 2.000
TOTAL $13.000
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e) California Institute of Technology for GRID

1) Salaries

=325

Professorial Faculty N/C l
Research Scientist $17,250 1/2 mn-yr
Electronics Engineer 1,600 1/2 wmn-mo
Total Salarfes $18,850 l
Staff Benefits (@ 29.5%) 5,561 l
Total Salaries and Staff Benefits $24,411
2) Services and Materfals l
6raphics 600 l
Materiails 700
Telephone and postage 200
Total Services and Materfals $ 1,500 .
3) Travel .
Three GRID study meetings - MSFC $ 2,400
4) Instrument Development Studies (Subcontracts) l
Grid Fabrication demonstration $10,000
Imaging simulations 7,500 l
Total subcontracts $17,500
TOTAL DIRECT COSTS $45,811 l
§) Overhead (58% of TDC) 26,570 .
TOTAL 72,381 l




f) University of California, Berkeley for HIGRANS

(October 1, 1987 - September 30, 1988)

Man- Monthly Amount
A. Salaries and Wages Months Ratet Requested
Research Physicist IV(off- 0.75 $6016 $4,512 *
scale) /V 0.50 6629 3,315 %
Research Physicist II 0.25 4788 1,197 *
Senior Development Engineer 0.75 4527 3,395 #x
0.25 4799 1,200 **
Research Assistant 1.25 1839 2,299 a
0.50 1839 920 aa
0.75 1949 1,462 aa
0.25 1949 487 A
Secretary III 0.25 2315 579 **
$19,366
B. Employee Benefits
25.75% of salaries marked * $2,324
30.75% of salaries marked ** 1,591
1,21%7 of salaries marked & 34
1.72Z of salaries marked aa 41
$3,990
C. Supplies and Expenses
SSL business services group - 27 hrs. @ $21.15/hr. $571
- 9 hrs. @ $22,.40/hr. 202
SSL drafting services - 16 hrs. @ $26.20/hr. 419

Lawrence Berkeley Laboratory subcontract to support participation
of LBL HIGRANS team member (cost-reimbursement):

LBL Instrument Science Engineering group - 40 hrs. @ $74.60/hr. 2,984
Communications and copying 577
$4,753

Total Direct Costs $28,109
Indirect Costs = 42.2% through 6/30/88 $8,897
- 42.6%, 7/1/88 and after $2,994

TOTAL AMOUNT REQUESTED $40,000

tIncludes anticipated ~5% cost of living Increase effective 7/1/86, and 6% increases
effective 7/1/87 and 7/1/88.
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g) University of New Hampshire for HIGRANS

(September 1987 - September 13988)

Direct Labor:

Scientific Staff 6,794
Lab Technician 2,352
Consultant Engineer 1,000

Total Direct Labor: 10,146

Fringe Benefits:

27% of Salaries 2,469

7.5% of Hourly Labor 75
Total Fringe Benefits: 2,544

Supplies (see Supplies Estimate): 800
Total Direct Costs 13,090

Indirect Costs (53% of Direct Costs) 6,938

Total: 20,028

BREAKDOWN OF BUDGET REQUEST

1. Direct Labor Estimate

Research Scientist (20% time) 6,794
Laboratory Technician (10% time) 2,352
Consultant Engineer (50 hrs.) 1,000
10,1“3

2. Supplies Estimate
Computer Supplies 250
Electronic Components (Miscellaneous) 150
255

Note: Travel funds are covered in the overall SHAPE study budget and will
be distributed through Goddard Space Flight Center.
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Appendix - GRID Instrument

In this appendix we discuss several technical aspects of the GRID instrument. Con-
siderable effort has gone into conceptual design studies for a hard x-ray and <y-ray
Fourier-transform imager, principally under the auspices of the Pinhole/Occulter Facility
Science Working Group and the Max ’91 Science Study Group. (For further discussions
see, e.g., Tandberg-Hanssen et al., 1983 and 1986, Crannell et al., 1986, and the Report
of the MAX’91 Science Study Committee, 1986). The baseline design presented in the
main body of this proposal (section III) is essentially that developed by the Max 91 Sci-
ence Study Group. We will not attempt a complete description of the GRID design,
rather in this appendix we will focus on relevant new developments from recent design
and hardware studies.

Section A.1 gives an overview of the current GRID baseline design and describes
various design options. Section A.2 describes recent progress on fabricating very fine sub-
collimator grids suitable for y-ray imaging. Section A.3 describes a recently completed
laboratory demonstration of Fourier-transform techniques at y-ray energies. Finally, sec-
tion A.4 describes studies undertaken on the GRID instrument structure and
aspect/alignment sensors.

A.1 GRID Configuration and Design Options

Because the GRID instrument is inherently modular, there is considerable flexibility
in its design parameters. The baseline design described in the main body of the proposal
has been used as a reference for stimulating and focusing the various technical studies
that are underway. The completion of these technical studies is one aspect of the pro-
posed Explorer Concept Study.

The baseline GRID design has been driven by the desire to optimize the perfor-
mance of the instrument for solar flare observations. In spite of this, the GRID instru-
ment will be very well suited for many studies of interest to cosmic high-energy astron-
omy because GRID brings entirely new observational capabilities to this field.

Imaging Design Considerations. The operating principle of GRID is based on the con-
cept of Fourier-transform imaging. A Fourier transform x-ray telescope is composed of a
number of subcollimators, each consisting of a pair of widely spaced collimator grids.
Each collimator grid consists of parallel slits with a certain orientation and slit spacing.
The characteristic large scale modulation (Moire) pattern at the detector plane arises
from a small difference in slit spacing and orientation between the top and bottom grids.
Each subcollimator is equivalent to a single baseline in radio interferometry in that each
measures a single Fourier component of the source distribution (Makishima et al., 1977;
Hurford and Hudson, 1979). This equivalence provides the key to evaluating the proper-
ties of a Fourier transform x-ray telescope for it implies that many of the analysis tools
and considerations, highly developed for applications to such facilities as the Very Large
Array, can be carried over directly into the x-ray domain.

In considering the design of a hard x-ray imager, scientific and operational factors
strongly suggest that a whole-Sun field of view is desirable. The resolution of each sub-
collimator (defined as the FWHM angular response of the finest subcollimator or
equivalently as one-half of the equivalent interferometer fringe spacing) is set by the ratio
of the aperture size to grid separation. For example, a grid aperture of 50 um and a
6.7 m boom length corresponds to 1.5 arc second resolution. The choice of the number of
subcollimators (34 in the MAX’91 baseline design) necessarily involves a tradeoff. Clearly
more subcollimators are desirable to provide better spatial information. However within
a given instrument envelope, the advantages of a larger number of subcollimators must
be weighed against the loss of sensitivity associated with smaller subcollimators, and
against increased complexity in detectors, electronics, and data handling.
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The selection of spatial frequencies ("u-v plane coverage") is also an important
issue. Existing data from Hinotori and SMM indicate that from flare to flare sources can
range from below ~ 5 arc seconds to several arc minutes in size. Imaging over such a
wide range of size scales can be achieved by logarithmic spacing of spatial frequencies.
Simulation studies have further indicated that with this choice, and with pseudo-random
orientations of the spatial frequencies, significant reduction in image sidelobes can be
achieved. (It might be noted that for x-ray Fourier transform telescopes the choice of
spatial frequencies is independent for each subcollimator, a degree of freedom not avail-
able in the practical design of radio interferometers.)

With a few dozen subcollimators it is clear that complete full-Sun images with 1.5
arc second resolution will not be achieved in the sense of an optical image. Instead, a
better analog might be the "snapshot" flare images obtained at radio frequencies with a 9
or 10 antenna VLA configuration (e.g., Marsh and Hurford, 1980). Simulation studies
have confirmed that a GRID instrument with 34 subcollimators selected according to the
foregoing arguments, and whose data is reduced using existing VLA mapping and clean-
ing software can readily meet the basic scientific requirements as outlined in the proposal.
An example of one of these simulations is shown in Figure A.1-1. It should be noted that
GRID will provide spatial information over a decade of energy of the solar spectrum that
has never been imaged at all. Thus, the imaging capabilities of GRID represent a sub-
stantial initial step, particularly when it is appreciated that relatively simple source
geometries are expected in the hard x-ray and vy-ray energy regimes.

b

t=0s 1=7.5s t=15s t=22.5s

Figure A.1-1: Simulation of GRID imaging of a flaring magnetic loop viewed from
above in x-rays greater than 25 keV. The x-ray source, initially isolated at foot-
points of 3 and 5 arc second size, gradually fills the 16 arc second loop. Each image
represents a 200 millisecond integration interval, shorter than the electron travel
time, and therefore adequate to resolve the dynamic evolution of the source. The
strength of the flare corresponds to that expected approximately once per month
during a solar maximum period.

The range of capabilities of GRID is shown in Figure A.1-2. The three diagonal
lines indicate the maximum energy for which spatial information can be obtained in each
of three cases: (1) relatively weak fluences, for which there is a clear detection of the flare
in every subcollimator at the maximum energy, but for which statistical fluctuations are
still important; in this case, size scales and locations of a moderate number of the princi-
pal emission regions can be determined, (2) moderate strength fluences, for which the
statistics are good enough that the phase and amplitude are well-determined in every
subcollimator; in this case high-contrast can be obtained between relatively weak and
relatively strong spatial features, (3) large fluences, for which there are adequate statistics
to divide the data set into numerous time intervals, each with good phase and amplitude
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information in every subcollimator; in this case, high-contrast spatial information can be
obtained with sub-second time resolution allowing detailed studies of flare dynamics.
The estimates in Figure A.1-2 have been obtained using actual SMM-HXRBS data from a
typical period during 1982 and adjusting for the relative sensitivities of a GRID subcolli-
mator and the HXRBS detector.

During the Phase A study, we will build on the radio-analog foundation to fully
optimize the parameters of the GRID experiment. Software tools will be developed to
systematically evaluate the imaging properties of the system as a function of source
geometry, statistics, systematic error sources, and subcollimator number, size, and orien-
tation. In addition, several design options will be studied with a view towards improved
image quality at low energies where more complex image morphology might be expected.
Such options include:

1) Imaging of long-lived x-ray sources to be achieved by slowly rotating or stepping
the spacecraft about the earth-Sun axis. This would improve image quality in close anal-
ogy to the way that earth-rotation synthesis enhances the imaging ability of radio inter-
ferometers.

2) Allocation of part of the instrument frontal area for use by grids separated by a
shorter effective boom length. Such grids, divided into smaller, more numerous subcolli-
mators, would provide additional u-v coverage at low energies.

3) The superposition of thin grids onto the existing thick-grid planes. This would
exploit the higher resolution and the two-dimensional response of the proportional-
counters so that each subcollimator could measure several Fourier components simultane-
ously at low energies. (The thin grids would not affect the high-energy response.)

Such options more fully exploit the copious photon statistics and proportional counter
performance at low energies without compromising the high-energy performance.

In summary, simulations and studies of Fourier transform x-ray imaging show that
a GRID experiment on SHAPE can provide spatial information that comfortably satisfies
the basic scientific objectives discussed in this proposal. The Phase A study will enable
the design of the instrument to be optimized, with full consideration given to the unique
aspects of its x-ray response and to the potential impact of low energy enhancements.

Baseline Design. Having discussed the basic imaging design considerations, we now
describe the "baseline" design of the GRID instrument. This design, shown in Figure 1 of
the proposal, is that previously studied by the MAX’91 Science Study Group. It consists
of the following elements:

® 34 pairs of Fourier-transform grids (subcollimators),
® 34 modular x-ray detectors,

® 34 modular Nal(Tl) y-ray detectors, and

® 2 aspect determination sensors.

The two planes of Fourier-transform grids are separated by 6.7 m. The grids of the
upper plane are nominally 15 cm x 15 cm, while those of the lower plane are 10 cm x
10 cm. The slit widths increase logarithmically from 50 wm to 0.6 cm corresponding to
angular resolutions of 1.5 arc second to 3 arc minutes respectively with a variety of
angular orientations. The nominal thickness of the grids is 1 cm of tungsten to provide
attenuation adequate for imaging of vy rays up to 1 MeV. In addition to the grids, lead
honey-comb collimators are used above the detectors to reduce the diffuse background by
restricting the field of view to approximately = 2.5 degrees.

The x-ray detector system consists of 34 modular xenon multiwire proportional
counters. Space qualified Xe counters have been developed for use on Spacelab by
members of the SHAPE study team (e.g., U. of Birmingham). The GRID proportional
counters will cover the energy range from 5 to 30 keV with good sensitivity and have
moderate sensitivity up to 60 keV providing overlap and intercalibration with the y-ray
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detector system. An important consideration is saturation of the proportional counters
in the very high fluxes of large solar flares. This problem will be alleviated by the use of
variable thickness entrance windows which will be designed so that the detectors will
have less effective area at low energies where the flux of x-rays is highest.

The y-ray detector system will consist of 34 modular Nal(Tl) scintillation cameras
with one-dimensional position resolution. The technology for Nal scintillation cameras
has been developed extensively for y-ray observations from balloon instruments. The
nominal thickness of the Nal detectors is 2.5 cm giving good conversion efficiency, with
1.5 em FWHM spatial resolution over the entire energy range, and with an energy
resolution of 12% FWHM at 100 keV and 7% FWHM at 1 MeV.

The aspect sensors will either be optical pinhole imagers or solar disk sextants.
Both of these systems determine the position of the limb of the Sun with respect to the
grid planes in order to determine alignment and pointing direction. A further discussion
is given in Appendix A.5.

By binning the events according to detector position and energy, considerable
compaction of data and reduction of telemetry rate can be realized. Approaches have
been developed which allow commandable adjustment of the binning specifications in
order to optimize energy and time resolutions for specific scientific objectives.

Detector Plane Design Options. The use of Nal(Tl) scintillation cameras in the
baseline design requires approximately 6 photomultiplier tubes (PMT’s) per subcollimator
and on-board computation of the photon interaction position. By introducing small
differences in the orientation as well as the spacing of the top and bottom grids, the
direction of the coarse spatial modulation in the detector plane can be adjusted to lie in
one of two perpendicular directions for all of the subcoilimators. The implications of this
development include possible substantial simplification of the detector geometry. For
instance, in the baseline design, it has allowed us to use one-dimensional instead of two-
dimensional Nal scintillation cameras. We have recently been investigating an
alternative design which uses discrete Nal bars and one-dimensional multiwire
proportional chambers (MWPC’s) to detect photons. In this configuration, the <y-ray
detector for each subcollimator would consist of five Na(Tl) bars, nominally 2.5 cm x
2.5cm x 10.0 cm. An additional bar would separate individual subcollimators. The
dependence of the position of the solar shadow on flare position has been addressed by
arranging that 1 1/4 periods of the modulation pattern corresponds to 5 Nal bars. This
ensures that at least 1 full period of the subcollimator is illuminated regardless of the
flare location. The MWPC’s would be 10 em wide, with their length an integral multiple
of subcollimators.

By using Nal bars, detector plane position binning is automatic, simplifying the on-
board processing electronics. In addition, the implementation of shielding is
straightforward since the shield can be placed directly underneath the Nal bars. In the
case of the baseline design, shielding must either be placed outside of the Nal camera
PMT’s, or a phoswich arrangement must be used in the camera itself, adding complexity
to the electronics.

Two possibilities exist for the readout of the Nal bars. A single 2.5 cm diameter
PMT could view each bar. Alternatively, with proper light guides, one large PMT could
be used to view all six bars simultaneously, while in addition, each bar is viewed by one
avalanche photodiode (APD). The single PMT provides an energy measurement while
the APD’s tag which bar contained the actual interaction. This latter scheme would

have the advantage of significantly reducing the number of photomultiplier tubes needed
in the detector plane array.

We will study the detector plane configuration tradeoffs as part of the proposed
Phase A study.
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A.2 Subcollimator Grid Fabrication

A new aspect of the GRID instrument is the fabrication of the Fourier-transform
subcollimator grids. These grids determine the resolving power of the instrument and
consequently their quality is crucial. To obtain 1.5 arc second resolution with a 7 meter
boom requires the finest grids to have a slit width of 50 wm at a pitch (center to center
distance of the slits) of nominally 100 pm. In order to attain the required attenuation of
v rays, a thickness equivalent to 5-10 mm of tungsten is required. Thus the most
stringent requirement is set by the finest grids of the upper grid plane which are
nominally 15 ¢m x 15 ¢m with slit widths of 50 pm and thickness of 5-10 mm.

Three approaches have been identified for fabrication of the required set of grids.
(1) Electrical discharge (ELOX) machining of tungsten material.

(2) Vertical stacking of tungsten sheets with the slit pattern photoetched into the
material.

(3) Horizontal stacking of tungsten or tantalum slats with spacers providing the
required slit width.

Schematic illustrations of the three methods are shown in Figure A.2-1.

Method (1) is probably the method of choice for fabrication of the coarser grids.
Method (2) is an adaptation of methods used for construction of x-ray and hard x-ray
collimators. It is definitely applicable to medium scale grids, and may be adaptable for
fabricating even the finest scale grids. Method (3) may be the optimum method for
constructing the finest scale grids. We include here description of work in progress at
two of the member study institutions on fabrication of grids.

ELOX Machining and Stacked Tantalum Slat Techniques. As an initial attempt
at grid fabrication, a group.at the Goddard Space Flight Center led by Dr. C. J. Crannell
has designed, fabricated, and tested a fine pair and a coarse pair of collimator grids. The
coarse collimator was used to verify that standard ELOX machine-shop techniques were
applicable and to also provide a unit whose collimator response was easily tested using
optical techniques. A pair of coarse (6 mm) collimator grids was machined to
specifications from a solid block of tungsten; no outstanding problems were encountered.
The ELOX method is now being studied to determine the smallest slit sizes that can be
easily fabricated.

The fine collimator size (100 pwm) was chosen because it places stringent
requirements on design, fabrication, and testing techniques. The particular size is within
a factor of 2 of the desired resolution (1.5 arc second with a 6.7 m boom). Fabrication of
the initial pair of fine collimator grids has been completed and the units have undergone
preliminary performance tests. The fabrication approach was simply to compress
alternate 0.5-cm-wide x 10-cm-long pieces of 100 wm thick tantalum and 100 pm thick
mylar together inside a rigid steel frame using screw-adjustable pressure plates. A
photograph of one of the completed units is shown in Figure A.2-2. The grids have 500
such tantalum/mylar slat pairs contained within the 10-cm collimator length.

The presence of mylar material, rather than voids between the tantalum slats, is not
ideal because of the attenuation of photons at low energy (= 20 keV). However, this
initial fabrication attempt is of interest in testing whether simple stacking techniques can
produce a grid in which the precise position and alignment of each tantalum slat in the
grid can be held to within the tight design tolerance required by the Fourier-transform
technique. Precise measurements of the slat positions, dimensions and alignment have
been carried out using a Grant Instruments Series 800 Comparator-Microphotometer
system at GSFC. The deviations from the expected positions were found to be less than
about 30 pm, consistent with the random walk fluctuations one would expect in a stack
consisting of 500 slat-spacer pairs having an RMS deviation in thickness per pair of
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~3 pm. Improved material tolerance and registration of, for instance, every 20th or 50th
slat pair should reduce the non-uniformities to acceptable levels.

Horizontally Stacked Photoetched Tungsten Slats. Another approach to the
stacking of slats is being developed at the Delft University of Technology. In the
Netherlands, tungsten grids were developed and successfully applied for the HXIS
instrument on board the NASA Solar Maximum Mission. The HXIS grids were made of
basic material with a thickness of 50 pm. Because of this experience, the Laboratory for
Micro-Engineering at the Delft University of Technology has started development on the
grids required for the GRID instrument. Prof. H. F. van Beek, formerly at Utrecht and
now at Delft, leads this development.

The approach for achieving the required slit pattern starts with slats of material,
5 mm wide, 60 mm long, and 100 pm thick. Fabrication of longer slats will be
attempted at a later date. By means of chemical etching, the slats can be reduced in
thickness to the required 50 pm by removing 25 pm at each side. This etching is done
selectively so that spacers will remain that later will keep the slits open and parallel.
Figure A.2-3 shows a schematic of one of the etched slats. It is crucial that the pitch of

the slits in the upper grid plane deviate very little and in a well defined manner from the
pitch of the slits in the lower grid plane.

Single slat

Figure A.2-3

The technique as set up by the Delft group enables the development of the fine grids
in a step-by-step mode. The etching technique as well as the pitch adjustment and slat
packaging technique can be learned on small samples that cover a few ecm”. Gradually,
larger areas of grids can be prepared until full size grids covering hundreds of em?® can be
manufactured. The development can be split into a purely mechanical part and an
etching part. The current status is that a few samples have been manufactured using
spring steel instead of tungsten in order to start the mechanical part of the development.
As of October, 1986, tungsten etching will be undertaken so that next year the first
samples in tungsten can be prepared.
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Figure A.2-4a &b

Figure A.2-4a&b shows actual photographs of one of the first samples in spring
steel. The package is made out of 35 slats of 100 wm thickness each so that it covers an
area of 60 mm x 3.5 mm. The left part of the figure shows how the package is composed
out of the individual adjacent slats such as the one shown schematically in Figure A.2-3.
The right part shows the slits while white light is scattering through them. Because of
this scattering, the open slits seem wider than they are in reality. The accuracy of slit
width and slit straightness is close to that acceptable for flight. Given the current
results, obtained in such a short time of development, further improvements can be
expected. Because of the suitable mechanical characteristics of tungsten and because of
the good prospects for etching this material, no special problems are foreseen in switching
from spring steel to tungsten.

During the Phase A study, the various approaches and methods discussed here will
be evaluated to determine the optimal fabrication technique for the various ranges of grid
slit sizes.
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A.3 Demonstration of Fourier Transform Imaging

A practical implementation of Fourier-transform imaging techniques for high-energy
photons requires a laboratory feasibility demonstration and study of imaging systematics.
Such a study was undertaken at Caltech during the past year. The laboratory apparatus
consisted of a set of seven subcollimator grid pairs viewed by a standard Nal scintillation
camera similar to instrumentation developed for balloon payloads. The subcollimators
were oriented in a single direction so that one-dimensional images are readily constructed.
Two-dimensional images could also be made by simple rotation of the grid structure

through discrete angular orientations. The laboratory arrangement is shown in Figure
A.3-1.

GRID Laboratory Prototype

To Source

(200 ¢m)

(19) Phototubes "} || - - o e

NalI Scintilator
Disk

Phototubes

Figure A.3-1

We have recently obtained one-dimensional images at 122 keV. Figure A.3-2a
shows distributions of events versus position as measured by the Nal camera from a
single subcollimator due to a single source positioned 2 m away. Figure A.3-2b shows
data from the same subcollimator but now from a source displaced slightly in position
(by 6 mm). The basic response in the two plots consists of a uniform background
component together with a triangular response with peak positions corresponding to
different source positions. From the event count distribution, the phase and amplitude of
one of the Fourier components of the source can be determined. In a similar fashion,
Fourier phases and amplitudes can be determined from each of the seven grid pairs.
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Figure A.3-3 shows the "uncleaned" image resulting from the superposition of the seven
Fourier components. Using standard radio interferometry "cleaning" techniques, the
side-lobe distribution present in Figure A.3-3 can be largely eliminated. Figure A.3-4
shows the "clean" distribution resulting from application of one of the standard image
processing algorithms. The two sources are clearly visible. Note the distance scale which
indicates a very fine source resolution capability. In fact, the position of a single y-ray
source can be determined to better than 100 pm accuracy, and two sources that are
~ 3 mm apart should be easily resolvable.
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A.4 Structural Design and Alignment/Aspect Determination
The requirements for alignment and aspect of the grid planes in given in Table A.4-

1.
Table A.4-1
VECTOR PLACEMENT STABILITY POST-FACTO KNOWLEDGE
(MAXIMUM) (RMS) (RMS)
P 3 arc min 1 arc sec/30 sec 0.2 arc sec
d-p 20 arc min 10 arc min 10 arc min
&f 10 arc sec 10 arc sec 2 arc sec
fa 1 degree 3 arc min/30 sec 1.5 arc min
d-m 20 arc min 10 arc min 10 arc min

A

I’H Pomtmg direction - through centers of mask and detector planes

d-p: Angle between perpendicular to detector plane and pointing direction (absolute tilt)
5#: Relative azimuthal orientations of detector and mask planes (relative twist)

f4: Absolute azimuthal orientation of detector plane (absolute twist)

d-1: angle between perpendiculars to mask and detector planes (relative tilt)

Design of a Boom for GRID. A preliminary concept and design of a boom for the
GRID instrument has been studied. The studies have shown that the construction of a
lightweight boom suitable for the GRID experiment presents no significant technical
problems and in fact can have attractive features such as being deployable/retractable.
The boom, proposed by United Technologies, was designed so that it can be retracted
into a compact package for transportation in the STS orbiter and so that it provides a
stable mounting for the mask assemblies when deployed in orbit. The overall structure
as seen in Figure A.4-1 includes a fixed section which mounts the boom and other
experiment assemblies to the Payload Support Structure. The deployable section, with
graphite-epoxy members, utilizes a Tri-fold square truss design to provide a compaction
ratio of 17.5:1 while forming a thermally and dynamically stable structure. A base-
mounted deployment structure is not required. The design described herein is based on
presently available preliminary requirements and is representative of currently achievable
structural technology.

Preliminary Requirements

Overall length deployed 71m

Deployable length retracted .35 m

Boom cross section 1.3 m

Torsional stability < 1.0 arc min
Thermal stability, CTE per bay =* 5x 10 in/in ¥
Loading, root accel. 8.59 deg./sec

Safety factor 2.0

End mass 68 kg

Figure A.4-1 shows the payload configuration on a spacelab pallet with the GRID
boom shown deployed. With the boom retracted, there is no overhang beyond the pallet
envelope. The boom is secured in the retracted position with latches. When ready for
deployment the latches are released and the three-bay truss is deployed. Deployment is
accomplished by the use of torsion springs and control cables, with automatic spring
latching. All mechanisms have back-up redundancy. Boom retraction, after a 3 year
mission life, is accomplished by retraction cables with redundant reel drives. An
alternate deployment/retraction design concept uses motor drives at three of the longeron
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hinge points. The drives would incorporate full redundancy.

The square Tri-Fold truss normally incorporates internal diagonals to provide for
localized transverse stiffness. For torsional and cantilever stiffness and strength, these
members are not necessary and for this application have been removed. This provides a
100% clear view through the boom and simplifies the joints.

A finite element model of the boom was constructed and used extensively to
evaluate static and dynamic characteristics and optimize structural parameters. The
model has the following characteristics:

® Cantilever mount with 68 kg end mass

® Mass representation at joint nodes and hinges

® Realistic stiffness coefficients for joints & hinges, based on test
data.

® Preloaded joints, no damping

® Materials - 30 x 10° modulus graphite epoxy tubes, titanium
joints and hinges.

For the selected reference design, the first 10 vibrational modes have vibrational
modes with frequencies between 6.36 and 9.15 Hz. The maximum torsional deflections
(rotations) of the boom will probably be those due to angular accelerations during
attitude control rather than from any dynamic excitation sources. The analyses indicate
that the reference design, using the Tri-fold deployment geometry with the required
folding joints, will provide a stable boom structure for the GRID experiment. Work is
now in progress to determine optimum design parameters for the truss joints and
deployment actuators. A thermal analysis of the structure is also planned.

Aspect/Alignment Determination. We are studying several approaches for
determination of alignment and aspect. One option is to use a pinhole in the upper grid
plane to cast an image of the Sun onto the lower grid plane. The position of the Sun
image is then determined by optical sensors, for instance quadrant splitters. Another
option, which determines alignment only, uses a system of two lasers and mirrors to
determine the alignment of the upper grid plane with respect to the lower grid plane. A
third option is to use an instrument currently being developed as a Hitchhiker and
balloon payload called the Solar Disk Sextant (SDS). We discuss this third approach in
more detail in the following paragraphs.

Both alignment and aspect sensing can be implemented by use of a modified version
of the SDS, an instrument designed to obtain precise measurements of the solar diameter
(Sofia et al., 1984). The operating principles of SDS are illustrated in Figure A.4-2. The
primary optical element used to form multiple images of the Sun is a stable, partially
transmitting beam-splitting wedge of precisely known angle. A long-focal-length
telescope is used to image the first two of the series of solar images onto a set of linear
arrays placed in the focal plane. As implemented for the SHAPE mission, the beam-
splitting wedge will be combined with a refractive lens of focal length 6.8m. This
combination mounted on the outer end of the boom will produce images at the base of
the boom, where the linear array detectors are mounted in precise placement with respect
to the inner grids.
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Figure A.4-2. Schematic showing the operating principles of SDS. Note that the
wedge angle 0 is set to approximately half the solar diameter or ~ 990 arc seconds.

Two SDSs will be required to establish the relative roll alignment of the inner and
outer sets of grids to 1 arc second. The real-time system will determine the position of
each of the solar edges viewed by the detectors. From the sets of edge positions, the
location of the centers of the solar images will then be computed. The position in the
image plane of the center of the first solar image can then be algebraically compared with
the previously established desired position of the image center to provide the desired
spacecraft fine-pointing error function. In addition to providing aspect information for
GRID, the two SDSs will measure perpendicular solar diameters simultaneously and with
sufficient precision to provide substantial scientific return in their own right. The SDS is
thus especially attractive in the context of the SHAPE payload because it can fulfill the
dual role of a basic science instrument and an experiment aspect sensing system.

By measuring solar size, shape, and variations, the SDS addresses questions relating
to the physics of the solar interior. Variations in the solar size should be directly
correlated with variations in the solar energy output. Combined with data from an
ACRIM instrument, the SDS measurements would provide important clues to the
physical origin of these variations and thus contribute to our basic understanding of solar
luminosity. Measurements of the solar shape will provide accurate data on solar
oblateness and quadrupole moment. These data bear directly on theories of solar
evolution and interior dynamics. Additionally, variations in the solar shape reflect
pulsations of the Sun, information of extreme current interest to the field of
helioseismology. The SDS should be particularly effective for studying pulsations in the
long period regime where standard Doppler techniques are least sensitive.

During the Phase A study, the SDS and alternative aspect and alignment sensing
techniques will be evaluated on the basis of cost and performance. A recommendation
will then be made on the technique most appropriate for the GRID instrument.
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APPENDIX B. HIGH RESOLUTION GAMMA RAY AND NEUTRON
SPECTROMETER (HIGRANS)

INTRODUCTION

HIGRANS consists of an array of 12 dual segment, high-purity germanium (HPGe) detectors in
a BGO scintillator annulus and back shield/detector assembly (see Figure 3 in main text). The detec-
tor system is enclosed in a plastic-scintillator charged-particle shield. The HPGe detectors are con-
tained in a cryostat and cooled to an operating temperature of 90°K with a two-stage solid-cryogen
(methane/ammonia) refrigerator via a cold finger.

HIGRANS is designed with a wide, 120° FWHM, field of view, and with excellent dynamic range
and count rate capabilities, suitable for high spectral resolution (Figure B1) spectroscopy of solar flare
and cosmic gamma-ray bursts, which last typically ~0.1-10® s. The segmentation of the HPGe detec-
tors provides for a clean separation of the <10 keV hard X-ray region, where the intense solar flare
fluxes are observed, from the >0.4 MeV gamma-ray line region. The HPGe detector electronics is
designed to operate over a very wide energy range (10 keV-250 MeV) and to accommodate the range
of counting rates expected from flare bursts while maintaining the high spectral resolution of the
HPGe detectors. Pulse shape analysis techniques are used to provide low background in the 0.4-2
MeV gamma-ray line region. The BGO and plastic scintillator shield systems, together with the
HPGe detectors, can separate and measure fluxes of high energy >20 MeV gamma-rays and neutrons.

HIGRANS is very similar to a balloon-borne twelve segmented HPGe instrument presently being
developed for gamma-ray spectroscopy of cosmic sources. An engineering test balloon flight is
planned for this fall with a single dual-segmented HPGe detector, in a thick Csl shield with a proto-
type BGO shield piece, and all flight electronics. The full 12 detector instrument with BGO shield is
being fabricated for a balloon flight in late 1987-early 1988. Thus much of the development required
for HIGRANS will be completed by the end of the Explorer study phase. We are therefore confident
that HIGRANS will then be ready for hardware development and fabrication.

Detailed discussions of the performance of HIGRANS and its subsystems are contained in the
following sections.

HIGH RESOLUTION HPGe DETECTOR SYSTEM

Segmented HP Ge Detectors

The closed-end HPGe detectors are fabricated from n-type material, 6 cm in diameter and 6 cm
thick, and are operated in the reverse bias mode, i.e., the holes are collected by the outside electrode
(Figure B2), to minimize radiation damage from long term exposure to energetic particles in space.
Based on accelerator tests, no detectable degradation is expected for this type of reverse bias detector
in a several year space mission in low earth orbit (Pehl, 1978).

Each detector has multiple collecting electrodes which divide it into two distinct volumes, or
segments, according to the electric field pattern (Figure B2). In the central 1.0-cm diameter hole
which extends to within ~8 mm of the top, two separate contacts are provided by diffusing lithium
into the germanium, coating the lithium with gold, then lapping away the gold and lithium in the
boundary between the contacts. The detector is then re-etched to provide a clean surface in the
boundary—the gold is unaffected by the etch. This segmenting technique was developed at UCB
(Luke, 1984). The top contact collects charge from the upper 1-cm segment of the detector, and the
long lower contact collects charge from the bottom ~5-cm coaxial segment. The curved outer surface
and top surfaces are implanted with boron to make a very thin (~0.3 micron) window for X-rays, and
metallized for the high voltage contact. The bottom flat surface of the detector is coated with amor-
phous germanium to eliminate surface channeling effects. A 4-cm dia.x4-cm thick prototype and
three full size (5.5-6 cm dia.) dual segment detectors have already been fabricated at UCB for the
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balloon instrument.

The HPGe detectors operate in three spectroscopy modes. The top segment only is used at low
energies (<150 keV) where photoelectric absorption dominates (Figure B3). Photons are absorbed in
the top ~l-cm segment, while Compton scattered photons and detector background is rejected by
anticoincidence with the adjacent bottom segment of the detector. Therefore, this mode has the

excellent background rejection properties of a phoswich type scintillation counter (Matteson et al.,
1977).

Higher energy (>150 keV) photons are detected primarily in the thick bottom segment alone
mode, with a smaller fraction also detected via top-bottom coincidences (Figure B3). The bottom seg-
ment is shielded by the top segment from low energy, <10? keV protons. This shielding is crucial for
detection of gamma-ray photons in large flares, where an intense hard X-ray burst occurs simultane-
ous with the gamma-ray emission. Even for the largest flares observed by SMM, the count rates in
the bottom segment are easily accommodated by the HPGe electronics without spectral distortion or

saturation. The segmentation is also important for background rejection, as discussed in a later sec-
tion.

The very thin boron implanted outer surface of the HPGe detectors is mechanically fragile. At
UCB/UCSD we have developed a special detector holder for the balloon instrument which provides
good mechanical support. This holder has been tested successfully to Shuttle (STS) vibration levels.
The holder also provides the dual inner contacts for the top and bottom segments, and is designed to
plug into the cold plate in the cryostat.

Performance

Dynamic Range. Figure B4 shows the range of continuum fluxes for solar flares and cosmic
gamma-ray bursts compared to the diffuse sky flux (computed for the HIGRANS (120° FWHM field of
view) which dominates the hard X-ray background. The right hand scale shows the counts/keV for a
single (~28 cm? area) HPGe detector assuming unit efficiency. The efficiency of the HIGRANS instru-
ment, computed from Monte-Carlo simulations, is plotted in Figure B3 separately for the top and bot-
tom segment of the HPGe detector. Even in the largest flares the peak count rates of the bottom seg-
ments is <2x10* c/s per detector, well within the capabilities of the electronics for distortion-free and
low dead time operation.

The largest cosmic gamma-ray burst can be accommodated by both the HPGe top and bottom
segments without compromise. The top segments, however, require attenuation to accommodate the
fluxes of the largest flares. This attenuation is provided by various absorbers which are placed in
front of the plastic shield ~30 ¢m from the HPGe detectors to block fluxes from the solar direction
only (see Figure 3 of main text). These absorbers block less than 20% of the full 120° FWHM field of
view, so cosmic gamma-ray bursts will generally be unaffected. Four HPGe detectors have no
absorber (except the 1g/cm? plastic shield) for detection of microflares and small flares with maximum
sensitivity, four are optimized for small to medium flares (with ~0.2g/cm? Al absorber), and the last
four detectors are optimized for medium to the largest flares (~2g/cm? Cu with 0.1 ¢cm? hole with
0.2g/cm? Al). The effect of these absorbers is shown in Figure B3.

Sensstivity. HIGRANS is designed primarily for spectroscopy of solar flare bursts (and cosmic
gamma-ray bursts) which typically last ~10-10% s (~0.1-10? 5). In such short intervals the number of
detector background counts in the gamma-ray line region is small (Table B1), and during the flare
impulsive phase the bremsstrahlung continuum from the flare will usually dominate the detector back-
ground. Table B1 shows that in a flare the size of the 27 April 1981 gamma-ray flare, several hundred
to a couple thousand counts would be obtained by HIGRANS in each of a dozen major lines (includ-
ing four lines of Fe) with line-to-continuum ratios of { /¢ ~ 1 to 10, except for the broad Li-Be com-
bined lines where / /¢~ 0.2. These lines will be detected at ~10-60 o’s significance. Thus, line
shapes, asymmetries, etc. can be accurately determined. Even for a flare with line fluences more than
30 times smaller, most of these lines could be detected at the 3o level if the line/continuum ratio
remained the same.
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Table B1. Solar Flare Gamma-ray Lines
Fluences at Earth HIGRANS
in FWHM Counts in HIGRANS 30 line
(1000 s) sensitivity
Line Lines Flare fluence
Energy | Excited | FWHM Continuum Line Flare Detector ph/cm?
(MeV) [Nucleus | (keV) (ph/cm?) Continuum |Background | (10%/10% s)
Prompt Lines
~0.45 Li,"Be 62 20 105 3.7x10° 1.1x10* 1.7x10® 0.67/0.2
0.847 %Fe 4.5 5 2 630 250 40 0.15/0.05
0.931 S5Fe 5 2 2 230 230 35 0.15/0.05
1238 | Fe 9 25 2 250 200 35 0.2/0.06
1.317 SFe 13 2.5 2 240 190 45 0.2/0.06
1.369 Mg 18 7.5 3 690 280 55 0.25/0.08
1634 | ®Ne 23 13 25 1.1x10° 200 45 0.25/0.08
1.779 | 2si 25 8 2 630 180 45 0.25/0.08
2313 | “N 54 6 3 410 205 50 0.3/0.1
4438 | 2C 115 10 15 510 80 20 0.25/0.08
6.129 %0 120 10 1 440 44 10 0.2/0.06
Delayed Lines
0.511 et 2-10 25 — 4.3x10° — 44220  [~0.25/~0.12
2.223 “H 3(0.1)* |60(4.3)* — 4x10° — 3 0.1/0.05

* This line has an intrinsic width of ~0.1 keV, so the HIGRANS instrument FWHM resolution (3 keV) is substi-
tuted. The 2.223 MeV fluence observed for the 27 April 1981 flare is highly attenuated because the flare is lo-
cated near the limb; the value of 60 is for a comparable flare within ~70° of disk center.

The most sensitive indicator of ion acceleration is the narrow nuclear line of neutron capture
deuterium at 2.223 MeV, which is delayed from the impulsive phase by the thermalization time for
the neutrons. HIGRANS can detect at 3¢ significance a 2.223 MeV line fluence >10° times smaller
than the 4 August 72 event. If all flares accelerate ions to tens of MeV energy and the gamma-ray
emission scales as the microwave burst intensity, then ~10 flares should be detected per month in the
2.223 MeV line near solar maximum.

Background Rejection. Sensitivity is very important for detection of long-lived gamma-ray lines
such as the 511 keV positron annihilation line and the 2.223 MeV neutron capture deuterium line,
whose emission lasts well past the impulsive phase. Also SMM observations show that following the
impulsive phase there is a delayed phase in some (perhaps many) flares which is dominated by nuclear
emissions (Forrest et al., 1986). Thus good background rejection in the range 0.4-2 MeV is important
for HIGRANS, even though it is not the primary consideration.

Figure B5 plots the estimated background counting rate for HIGRANS. The background con-
sists of: a) diffuse cosmic (and atmospheric) gamma-ray fluxes in the open aperture of the detector sys-
tem; b) leakage of ambient y-rays through the shield, and c) internal background in the detector, now
known to be almost entirely due to radioactivity induced by cosmic rays and trapped protons and
their secondary neutrons. For modern heavily shielded germanium detectors, this last effect is the
dominant background in the range 0.4 < E < 2 MeV. This energy range also contains most of the
gamma-ray lines of interest.

The segmented HPGe detector provides the basic configuration for powerful background rejec-
tion techniques in the ~-ray line region from a few hundred keV to several MeV. Most of the induced
radioactivity in the germanium detectors not anti-coincidenced by the active shield consists of §-
decays; three isotopes, 82 min "°Ge, 21 min "°Ga, and 11.3 hr "Ge, dominate from 0.4 to 2 MeV. The
energy deposition range of a fB-particle is small, e.g., 0.08 cm at 1 MeV, and it can be said to deposit
its energy at a single site. On the other hand, at energies above ~200 keV, because of Compton
scattering (and pair production at >2 MeV), photons typically have multiple site energy loss signa-
tures. Thus, by distinguishing between single and multiple site interactions in the detector volume, it
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is possible to reject most of the induced radioactivity background at energies from a few hundred keV
to several MeV.

Techniques have been developed at UCB to separate single-site from multiple-site interactions.
First, yrays which lose part of their energy in the front segment and the rest in the rear segment
would be identified by front-rear coincidence. Second, in the rear segment, pulse shape analysis can
be used to identify multiple-site interactions (for pure rear segment events) located at different radial
distances. The energy deposited in the Ge detector at a given site produces charge carriers, electrons
and holes, which travel radially in the electric field of the detector to the central and outer contacts.
The motion of the charge carriers induces a current at the electrodes; the measured signal is propor-
tional to the integrated charge. Thus the current pulse shape at the preamplifier input depends on
the radial location of the site of energy deposition. Typically, charge collection takes up to 350 nsec.
When the energy deposition of a multiple-site interaction is distributed in radius, the pulse shape
becomes a superposition of single-site pulses.

Figure B6 shows examples of single-site and multiple-site current pulses observed from a seg-
mented coaxial Ge detector.. At UCB we have calculated the detailed shape of the current pulse
waveform for single-site energy losses typical of single photopeak absorption events and B-decay
radioactivity, and for normal photons, using the distributions of energy depositions resulting from the
Monte Carlo photon propagation program (Roth, Primbsch and Lin, 1984). Our calculations indicate
that for a uniform Ge detector with near ideal noise characteristics it may be possible to reject >95%
of the single-site events while retaining >80% of the multiple-site events at ~800 keV energy. With
current balloon flight electronics we have achieved ~80—90% singles rejection with ~60-70% retention
of multiple events at ~800 keV, using only two parameters (peak height and time-to-peak) of the
HPGe current pulse (Figure B7). Since the sensitivity is proportional to signal/vbackground, even
the current balloon system gives a gain of a factor ~1.4-2 in sensitivity. To place this in perspective,
24 times as much Ge detector volume would be required to achieve the same sensitivity without seg-
mentation and pulse shaping techniques.

For HIGRANS, pulse shape analysis would only be used at low count rates, when the back-
ground due to induced radioactivity dominates (see Figure B5). Only ~80% rejection of single site
events is sufficient to reduce the contribution from induced radioactivity to well below the aperture
flux. If HIGRANS is refurbished for narrowly collimated observations of weak cosmic sources, we
plan to improve this rejection to ~95%.

Electronics

Each detector has independent signal paths for the front and rear segments as indicated in Fig-
ure B2. The analog electronics is essentially the same as used in the UCB balloon system (Figure B8).
For each signal path (Landis et al., 1970), this includes a cooled FET, wide bandwidth charge sensi-
tive preamplifier, followed by dual shaping amplifiers. A slow shaper-amplifier (~10 us time constant)
is used for pulse height analysis, and a fast shaper-amplifier-discriminator (~400 ns) supplies fast
pulses for coincidence, pileup rejection, timing, and rate accumulations. (The two amps are not
shown separately in Figure B8.) The pile-up rejection system, besides allowing operation at rates up
to 5x10* s™! per detector without resolution degradation, will also remove a large fraction of the 54
keV background line and 54-67 keV background continuum due to "*Ge™ . This has a 54 keV transi-
tion followed by a nearly prompt (4 us) 13 keV de-excitation.

The shaped pulses go to two separate Analog-Digital Converters (ADC’s). At energies below 400
keV a fast 10-bit ADC (1024 channels of ~0.4 keV/ch) is used to accommodate count rates up to
~10%/s. Above 400 keV the slower 12-bit ADC (4096 channels) used in the balloon instrument covers
the narrow gamma-ray line region up to 2.5 MeV with ~0.5 keV/channel width. Finally, in order to
achieve a dynamic range greater than that allowed by the 12-bit PHA, the shaping amplifier contains
a switchable 8x attenuator controlled by a discriminator on the preamplifier output line. The status
of the gain switch is latched by the PHA, when triggered, as a 13th data bit. This attenuator system
(also part of the balloon instrument) provides a channel width of ~5 keV from ~2.5 MeV to 20 MeV.

B-9
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The digital output of the ADC’s is sent either directly to the telemetry system together with
timing to msec, or to incrementing memories where the pulse height spectra are accumulated, depend-
ing on the mode of the instrument.

Pulse Shape Analysis. The present pulse shape analysis circuitry, which is connected only to the
signal path from the bottom segment, consists of a fast differentiator and a LeCroy model 2261 Chan-
nel Analyzer utilized on the balloon instrument as a Pulse Shape Analyzer (PSA). The fast
differentiator, with a time constant of 10 ns, extracts the detector current waveform from the preamp
output waveform and passes it to the PSA.

The PSA module consists of a Charge Coupled Device (CCD), support, and readout logic circui-
try. The CCD is an analog shift register (sometimes referred to as a charge packet bucket brigade)
with a length of 640 cells and a clock speed of 100 Mhz. An input signal is sampled, converted into a
charge packet, and shifted at the 100 Mhz rate; thus the time length of the device is 6.4 ps with a
resolution of 10 ns. Upon receipt of a Stop signal, the 100 Mhz clock signal is replaced with a 100
Khz clock signal, the charge packets are converted to voltage levels as they arrive at the back of the
CCD, and these voltage signals are passed to a 12-bit ADC. The 12-bit words are stored in a local
memory and become available for readout at the completion of the conversion process.

For HIGRANS the PSA would be simplified by replacing the LeCroy 2261 by a flash ADC and
associated storage memory. A dedicated microprocessor would be used to analyze the shape and
decide whether a single or multiple event had occurred. From our measurements with the LeCroy we
believe that a 8-bit flash ADC with ~20-30 ns time resolution may be adequate for our needs.
Further studies of PSA circuitry are going on now at UCB.

The data from the ADC’s and PSA’s, together with data from the shields, go to the digital elec-
tronics {Figure B9). Because of the burst nature of the data, a significant amount of RAM storage is
required. Access to the spacecraft tape recorders will also be required by HIGRANS and the other
instruments for large flares.

Cryostat and Cooler

The cryostat must maintain the temperature of all twelve germanium detectors at 90°K and
provide a secondary thermal control surface at ~150K for mounting of the preamp FET’s. The
mechanical layout must have sufficiently low mass to avoid background problems. In addition, the
design should provide vibration immunity and sufficiently low heat leak. We have chosen an
approach utilizing a primary cold plate for detector mounting. Efficient thermal isolation is attained
through the use of a unique fiberglass strap cold plate suspension with multi-layer insulation surround-
ing the secondary shroud. This design presents a simple mechanical interface to the germanium
detector modules. At UCB/UCSD we are presently studying whether one large vacuum volume for all
12 detectors or several separate vacuum chambers, each with 3 or 4 detectors, is preferable. The
design is directly adaptable to alternative cooling techniques such as mechanical refrigeration.

At present we plan to use a two-stage (methane-ammonia) solid cryogen cooler for HIGRANS.
These coolers have been developed and flown on the Einstein and HEAO-3 spacecraft, and no new
development is anticipated. The cooler for HIGRANS is sized for a three-year lifetime at 90°K. We
plan to monitor progress on a Sterling cycle mechanical cooler, currently being developed at GSFC.
This cooler provides ~8 watts of cooling to ~90°K with input power of ~200 watts. The large cooling
capacity would permit much more relaxed thermal design for HIGRANS. In the study phase we hope
to determine whether the level of microphonics produced by this cooler is acceptable for operation of
the ultra-low noise HPGe detectors. The reliability and cost of such a cooler has also to be deter-
mined.
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HIGH ENERGY DETECTOR AND SHIELD

The detection of gamma-rays and neutrons above 10 MeV is a crucial part of an overall solar
flare observation program, since these radiations are a signature of the highest energy electrons and
ions that are accelerated in the flare process. The high-energy capability of the HIGRANS detector is
therefore an important part of the SHAPE instrument complement.

The 5-cm thick BGO shield annulus and the three rear sections are composed of a matrix of
BGO ‘units (Figure 3 of main text), each with its own photomultiplier tube, preamplifier, discrimina-
tor, high-voltage power supply, LED light pulser, and servo-gain-control electronics. The BGO assem-
bly plays several roles for the HIGRANS instrument. At energies below 20 MeV, the assembly pro-
vides shielding for the HPGe array against gamma-ray background. It also provides limited collima-
tion for analysis of radiation from cosmic sources using techniques analogous to those for the SMM
GRS. The annulus and first rear section also reject gamma-rays which are Compton scattered in the
HPGe and deposit energy in the BGO above the shield threshold level. This makes the instrument

response matrix more nearly diagonal, permitting more accurate determination of the incident photon
spectrum.

At energies above 20 MeV, the three rear sections together with the HPGe array form a mul-
tilayer high-energy gamma-ray and neutron spectrometer. The relative energy loss in these layers will
be used to differentiate between events produced by gamma-rays and neutrons. The feasibility of this
technique has been proven on a smaller scale in the SMM GRS. The improvement in the neutron sen-
sitivity of HIGRANS, compared with that of GRS, is a factor of 10 or more (Figure B10). The sensi-
tivity to gamma-rays above 20 MeV shows a similar improvement of a factor of 5 or more. This
improvement is a result of a much larger area and energy containment of the HIGRANS shield and
the added benefits of higher operating energy, better energy resolution, and more sophisticated shield
logic to deal with self-gating effects.

The forward layer of the rear shield is also pulse-height analyzed over the energy range from 100
keV to 20 MeV, thus complementing the HPGe data with high photofraction measurements of broad
lines and the continuum. The charged-particle 4 pi steradian shield consists of a dome and a rear sec-
tion, fabricated from low-light-loss plastic scintillator and viewed with photomultiplier tubes.

The UNH group, which will lead the design effort for the high-energy detector and shield for
HIGRANS, has had considerable experience in the designing of a similar scheme for the SMM GRS,
which made the first measurement of high-energy solar flare neutrals. This group is currently
involved in the study of a layered detector technique similar to that planned for HIGRANS. This
includes testing of the technique in a neutron beam, which is currently in progress, as well as future
testing in electron or gamma-ray beams. During the study phase UNH will lead a design effort to
optimize the high energy gamma-ray and neutron response of the HPGe and layered BGO shield
configuration.

CESR will develop and build the BGO scintillator with all associated analog electronics. This
effort will be a direct continuation of the UCSD/UCB/CEA collaborative balloon project for gamma-
ray spectroscopy, in which the CESR is building a similar BGO shield. For that project, 52 BGO
bars have been purchased from Crismatec, in Grenoble, a company which is jointly owned by the
Rhone-Poulenc chemical corporation and the French Atomic Energy Commission. The material has
proven to be of excellent quality. The largest shield pieces have dimensions 5x5x24.4cm®, and are
cut from raw ingots about 7.5 cm in diameter and 25 ¢cm long.

At present, the standard size of the Crismatec ingots is 8.5 ¢cm diameter by 24 cm long. If the
HIGRANS shield were cut from these ingots, it would consist of about 96 bars. This seems quite
feasible, but a reduction in the number of bars would result in reduced complexity. 10-cm diameter
material has been grown, but the length is only 16 cm. CESR has requested longer materials, and this
is now being studied by Crismatec as an R&D proposal.

The high index of refraction of BGO crystals makes it difficult to collect the light at the PMT
photocathode. CESR has discussed the possibility of designing and machining BGO bars with a
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“truncated cone’” geometry at one end, ie., with the rectangular bar cross section sculpted into a
small circle whose diameter matches that of the photocathode. This would provide a natural light
guide which should improve light collection. It appears quite feasible to accomplish this, give the
complex BGO geometries now being machined by Crismatec.

The present balloon system design incorporates one photomultiplier (based on a Hamamatsu R-
1847, but with 10 dynodes instead of 9) per bar; the baseline design for HIGRANS would be similar.
The performance of this combination is quite adequate for an anticoincidence well: 100 keV resolution
at 662 keV, and a lower threshold of 50 keV. This is sufficient, for example, to establish a .511 MeV
windows for pair spectrometry. A substantial reduction in mechanical and electronic complexity
could come about by using photodiodes to read the BGO bars, instead of photomultiplers. The prob-
lem encountered to date with the photodiode/BGO combination to date has been the high noise of
the photodiode, which leads to lower thresholds of several hundred keV, clearly not acceptable in this
application. However, in the context of an R&D effort for an ESA proposal, the CESR will closely
follow PIN diode development work being carried out in England and Germany. By modifying the
design of these diodes from that of a parallel plate configuration to a plate plus a point collector, the
capacitance, and thus the noise, are much reduced.

To summarize, over the study period, CESR will work on the following questions.
Design and fabrication of large BGO bars with a “natural” light guide incorporated.
The use of low capacitance photodiodes to read the BGO bars.
Breadboard design of an electronic system which incorporates .511 and 1.02 MeV windows.

The use of BGO as a neutron and high energy gamma-ray detector.

N O A

The use of a BGO shield to provide coarse localization of gamma-bursts, by comparing responses
in different shield sections. This idea has been successfully implemented on, for example, the

HEAO-C gamma-ray spectrometer; the first scientific flight of the balloon shield may allow this
concept to be tested.

The group at the Max Planck Institute for Extraterrestrial Physics, which is responsible for the
shield and instrument mechanical support structure, and the charged-particle shield, has had related
experience in their work on the shields for the GRS on SMM and EGRET on GRO. MPE plans to do
a preliminary study of the BGO shield and instrument mechanical design and of the plastic scintilla-
tor particle shield.

REFURBISHMENT OF HIGRANS FOR COSMIC OBSERVYATIONS

HIGRANS is designed to be a powerful instrument for spectroscopy of solar flare and cosmic
gamma-ray burst sources. It could be refurbished into an outstanding instrument for detection of
weak steady cosmic hard X-ray and gamma-ray sources. The primary changes would be aimed at
reducing the background further by: (a) narrowing the field of view so background from diffuse sky
fluxes is reduced, (b) increasing the shielding thickness to reduce leakage, (¢) optimizing the pulse
shape analysis techniques to further reject background from induced radioactivity, and perhaps (d)
adding a coded mask to provide imaging. Furthermore, a careful choice of materials for the cryostat
and other structure inside the BGO will be required to reduce internal background at lines of interest.
Figure B5 shows the effect of decreasing the FOV to ~10° FWHM, doubling the BGO annulus thick-
ness to 10 ¢cm, and optimizing the pulse shaping to reject 95% of the single site interactions. The
background is reduced by a factor of ~10% below a few hundred keV and ~10 at energies of >1 MeV.
For long observing periods, this background reduction implies a gain in sensitivity of a factor of 3 to
10 over the burst version of HIGRANS. Further study of these options is needed if it is decided to
refurbish HIGRANS.
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APPENDIX C: THE LOW-ENERGY IMAGING SPECTROMETER

SCIENTIFIC AIMS

The Low-Energy Imaging Spectrometer (LEIS) is designed to address several outstanding
problems in solar flare physics. It is the first solar physics instrument with the capability of
obtaining high spatial and spectral resolution data, with high time resolution, in both the EUV
and UV wavelength ranges simultaneously. The EUV and UV images are monochromatic. It is
therefore possible to make detailed simultaneous observations with a single instrument of the high-
temperature coronal flare plasma (up to 2 x 107 K) and the underlying low-temperature transition
region and chromospheric plasma (as low as 8 x 10® K). These data, when combined with the
observations obtained by GRID, HIGRANS, and SIPS, will allow major progress to be made
in several areas of solar flare research.

LEIS represents an improvement in several respects over previous instrumentation, when
applied to solar flares. The NRL monochromatic imaging EUV instrument on Skylab (SO82-A)
had lower spatial resolution (2 instead of 1 arcsecond) and had poor time resolution for observations
of the impulsive phase of solar flares because it was not designed specifically for flare research. Very
little information on the preflare or the impulsive phases of flares was obtained with this instrument.
Although an excellent UV spectrograph wasalso flown by NRL on Skylab, the instrument had very
poor spatial resolution (2 x 60 arcsecond), and it was therefore not possible to link observations
made with this instrument to specific high-temperature flare features observed with the EUV
spectroheliograph. Finally, no high-energy flare instruments were flown on Skylab because the
mission was not designed primarily as a flare mission, and the X-ray telescope on Skylab did not
obtain monochromatic images. The more recent SMM, P78-1, and Hinotori spacecraft were
designed specifically for solar flare research. However, none of the instruments on these spacecraft
had sufficient spatial resolution (< 8 arcsecond) to resolve adequately the high-energy nonthermal,
high-temperature thermal, and transition region flare components. Such simultaneous observations
have not been obtained on any previous solar physics mission. The specific questions that LEIS
can address are discussed below.

(a) What is the Pre-flare Magnetic Configuration?

All theories that attempt to explain the origin of solar flares depend on specific configurations
of the magnetic field. Most, if not all, flare theories assume that the energy released in solar
flares is magnetic energy stored prior to flare onset. In some theories, energy release can occur
in a single magnetic flux tube or loop, while in other theories, the energy is released when two or
more loops physically interact. Up to now, there are no concrete data on the preflare magnetic
configuration. The field configuration can only be determined by observing the plasma confined to
the preflare loop or loops. Existing observations are so sparse that we do not presently know the
temperature and density of the plasma confined to such loops, or the initial sizes and orientations
of the loops. It is quite possible that the preflare temperature is quite low, considerably less than
10 K, because if the temperature were much higher than that, the preflare loops would have been
observed with Skylab instruments. LEIS obtains monochromatic images in spectral lines that
span a continuous range of temperature from about 2 x 10* K (C II) up to 2 x 107 K (Fe XXIV).
Therefore, LEIS has an excellent chance of making the first detailed and thorough observations
of preflare loop structures. The images obtained at different temperatures, when interpreted using
plasma diagnostic techniques, should enable the emission measure distribution and density of the
plasma in the loops to be determined, as well as the size, number, and orientation of the loops.
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When these data are combined with simultaneous ground-based microwave observations, it should
also be possible to obtain quantitative measurements of the magnetic field strength and structure
within the loops. Such detailed results would unambiguously eliminate certain flare theories from
further consideration and should provide strong support for others.

(b) What is the Relationship of the High-Energy Accelerated Particles to the Lower-
Energy Thermal Flare?

Bursts of hard X-ray and ~-ray emission, evidence of particles accelerated to very high energies,
occur during the impulsive phases of many flares. The energy of these particles, as derived from the
photon spectra, is quite high and in some cases is about the same as the total energy released in a
flare. Consequently, one current scenario for energy transport in a flare is that the magnetic energy
is first converted into accelerated particles, which subsequently become thermalized, producing the
thermal soft X-ray flare by chromospheric evaporation and the H-« flare by chromospheric heating.
While energy transport in some flares may be explained in such a fashion, severe problems with
this interpretation arise for other flares. For example, energy input in some flares is required long
after hard X-ray emission has ceased. In certain other events in which soft and hard X-ray emission
features are observed simultaneously, the features are not cospatial in the manner expected in the
simplest evaporation picture. It has been difficult to address this problem with SMM because of the
coarse spatial resolution and lack of adequate coalignment of the HXIS and UVSP instruments.

LEIS will obtain images during the impulsive phase in lines, such as Si IV, which reveal
the sites of chromospheric heating due to energy deposited by high-energy electrons. These sites
should be the footpoints and sources of evaporation for the thermal coronal flare plasma that
produces the soft X-ray flare. These observations can be combined with the GRID images to
give a complete picture of the geometry of the high-energy flare. The UV images, combined with
LEIS EUV images in spectral lines such as Fe XXIV (2 x 107 K), which indicate the locations,
sizes, and orientations of the soft X-ray flare loops, will directly test the chromospheric evaporation
hypothesis. Furthermore, the plasma diagnostics available with high-resolution spectroscopy in the
UV and EUV will enable the interaction of the coronal portion of a flare with the chromospheric flare
to be studied in detail. For example, theoretical modelling has shown that deposition of energy
by high-energy electrons produces a chromospheric response that is different from the response
expected from energy deposition by conduction fronts. Moreover, recent calculations indicate that
anomalous conductivity can produce a chromospheric response different from the response expected
using classical conductivity. The behavior of the chromosphere can be inferred from the intensities,
profiles, and Doppler shifts of UV and EUV spectral lines. LEIS will provide detailed observations
for testing predictions of many of the numerical and analytic models of coronal-chromospheric
interactions.

(c) Flare Energetics and Plasma Diagnostics.

Although the total energy budget of a flare has been considered previously using data from
Skylab and SMM, various difficulties with these data have prevented a definitive treatment of
this problem. The total energy released in a flare, and its transport in different flare structures,
are clearly important parameters for flare theories. LEIS, because of its unique simultaneous UV
and EUV capability, which translates into a very broad temperature coverage, will allow the flare
energetics problem to be addressed in detail for temperatures in excess of 10 K. Another important
aspect of LEIS is the spectroscopic, as well as imaging, mode of operation. The wavelength ranges
of LEIS have been chosen to cover spectral lines important from the diagnostics standpoint. For
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example, observations of the UV intersystem lines of O V, S IV, and O IV, when combined with
allowed lines of Si IV and N V, enable the electron density of the regions heated by electron beams
to be determined. The line ratios can be compared directly with theoretical line ratios calculated
by numerical simulations. Similarly, the lines of Fe IX in the EUV region are excellent indicators
of electron density for plasma near 10® K. In addition, the intensities of allowed lines covering a
broad temperature range can be used to calculate the differential emission measure, which is a
parameter that can be related to energy transport processes and dynamics in the flare plasma.
Finally, the spectral resolution is high enough to measure line profiles and wavelength shifts of
highly turbulent plasma or plasma ejected as surges and sprays; e.g., the Fe XXI line at 1354 A
is an excellent indicator for chromospheric evaporation. The combination of plasma diagnostics
with Doppler information over a very broad temperature range provides the basis for unraveling
the physical conditions in the flare plasma and the way these conditions change as a flare evolves.

(d) High-Energy Proton Beams

There is considerable interest in whether high-energy proton beams exist and, if they exist,
how deeply they penetrate into the chromosphere. The protons can in principle be detected from
the charge-exchange interactions with hydrogen atoms as they are thermalized. Since the beams
are moving downward into the atmosphere, the red wing of Lyman-a exhibits a characteristic
asymmetry when observed at Sun center. Although interpretation of any Lyman-a asymmetry
may be complicated due to the presence of a C I free-bound continuum, LEIS can nevertheless
make the observations necessary to infer whether proton beams exist.

INSTRUMENTATION

The LEIS instrument, shown schematically in Figures 4.3 and C-1, represents a synthesis of
several of the instrument concepts considered by the MAX 91 study committee. LEIS consists
of an off-axis parabola operating as a prime-focus telescope, a slit assembly, a toroidal grating
assembly, and an imaging detector. Functionally, LEIS operates as a high-speed spectroheliograph.
The telescope section is similar to that of the Ultraviolet Spectrometer instrument prepared by the
Harvard College Observatory for Skylab; the spectrograph is a derivative of the spectrograph section
of the SEUTS instrument designed at GSFC for the Spacelab program; the detector is of the type
suggested by L. Golub for the normal incidence Soft X-ray Polychromator; and the control system
is patterned after that used in the SMM-UVSP instrument.

The primary mirror has a two-meter focal length and is articulated, permitting the optic axis
of the telescope to be directed to any position on the solar disk without moving the instrument as
a whole. The grating assembly contains two toroidal gratings, one optimized for the 1300 A region
and the other for the 250 A region. The detector is an intensified television camera based on a
Plumbicon tube and using tapered fiber optic lenses to match the pixel size required at the focal
plane to those required by the intensifier and Plumbicon sections. EUV sensitivity is provided by -
a fine-grained P-45 phosphor screen deposited on one half of the input end of the tapered fiber
optic lens. UV sensitivity is derived in a similar way with a “to be determined” phosphor (possibly
coranene) on the other half of the input fiber optic lens. The Plumbicon readout electronics are
designed to permit selective addressing of areas of the focal plane, so that only the desired portions
need to be sampled.
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A discussion of the instrument may begin with the telescope primary. As shown in Figure
C-2, the primary mirror is a rectangular section cut from a paraboloid of revolution. The aspect
ratio of the rectangular section is near 2:1, and defines two collecting areas. The lower collecting
area is optimized for EUV reflectivity, probably with multilayer mirror technology. The upper area
is optimized for UV reflectivity and will probably be coated with aluminum/magnesium-fluoride.
Since they are part of the same parabolic surface, the upper and lower sections of the telescope
primary have a common focus and the UV and EUV images are rigorously co-aligned on the
entrance slit of the spectrograph. Note, however, that the chief rays, defined by lines from the
center of each section to the center of the entrance slit, are not coincident, but converge toward
the entrance slit, and then separate again inside the spectrograph, as shown in Figures 4.3 and
C-1. It is this feature of the telescope that allows the two sections of the spectrograph to operate
simultaneously and independently. The projected slit length on the Sun is 8 arcminutes in the
baseline version of the instrument.

The upper grating in Figures 4.3 and C-1a is ruled for the EUV and is nominally the same
as the grating originally specified for the SEUTS spectrograph. It has a ruling frequency of 3600
grooves per millimeter and a nominal working distance of one meter. Use of the toroidal figure
permits astigmatism to be substantially eliminated over the working wavelength range. The grating
rulings are parallel to the plane of the drawing of Figure C-1a and to the entrance slit, which lies
in the plane of Figure C-la. The normal to the EUV grating is tipped down such that the chief
ray strikes the grating at normal incidence. The plane of dispersion is perpendicular to the plane
of Figure C-1a and contains the chief ray. The spectrum is focussed to one side of the entrance slit
as shown in Figures 4.3 and C-1b, and directly behind the entrance slit as the slit is seen in Figure
C-l1a. (The detector is shown above its actual location in Figure C-1a to avoid confusion in the
ray diagram.) Note that the plane of dispersion is parallel to the baseplate. The operating range
and resolution of the EUV spectrograph are yet to be determined, but will probably be centered
at about 260 A. Our first look at the rough design parameters for the EUV spectrograph gave an
operating range of about +20 A about the central wavelength. This range would allow us to have
0.04 A resolution elements, or R = 6250 for a 1000 x 1000 pixel detector, and would correspond to
a sampling interval of 48 km/s in the Doppler velocity domain.

Operation of the UV spectrograph section is analogous to that of the EUV section. The
toroidal UV grating is the lower one in Figure C-la, and its normal is tipped up, such that the
chief ray from the upper section of the primary mirror is perpendicular to the grating rulings.
The plane of dispersion is, again, perpendicular to the plane of the drawing of Figure C-1a, and
contains the chief ray so that it is parallel both to the baseplate and to the EUV dispersion plane.
The central wavelength of the UV section is at about 1300 A in order to observe the hydrogen
Lyman-a line at 1216 A and several strong lines of Si IV, O IV, and S IV near 1400 A that UVSP
experience showed to be very useful in deriving densities and emission measures at transition zone
temperatures. The rough design parameters for this section gave a spectral range of about 12 A
and the same numerical resolution as the EUV section, assuming the use of a toroidal grating with
the same radii of curvature as those of the EUV grating. (This assumption is not a requirement;
the UV section may have either a longer or a shorter working distance than the EUV section and

could even be a completely different form of spectrograph should we find it to be an advantage
during the Phase A study.)

After leaving their respective gratings, the two chief rays cross behind the entrance slit so that
the UV and EUV spectra are separated on the focal plane. This geometry also compensates for
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most of the focal plane tilt error resulting from the fact that the slit is not perpendicular to the
chief ray of either spectrograph section. The EUV and UV dispersion planes form a dihedral angle
whose vertex is a line perpendicular to the plane of Figure C-1a and passing through the center of
the entrance slit. The residual tilt error in the trial designs is only 0.3 degrees and results in a blur
error of less than one micron at the focal plane for an f/20 system so that further correction is not
necessary. The plane of the detector is perpendicular to that of the baseplate in this design.
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Figure C-3: Schematic of the LEIS detector system.

The detector system consists of five major elements: an input fiber optic lens, a proximity-
focussed image intensifier, an output fiber optic lens, the Plumbicon television tube, and the Plumbi-
con control electronics. The arrangement of these elements is illustrated in Figure C-3. Both lenses
consist of tapered coherent fiber optic bundles and have aperture ratios of about f/1.0. The small
end of the input bundle carries the phosphor screens that convert the UV or EUV photons into
visible light photons, which are subsequently conducted by the fibers and coupled to the input of
the image intensifier. Scattered and stray visible light within the spectrograph is excluded from the
detector by use of appropriate filters. The taper of the input fiber optic bundle provides magnifica-
tion of the visible image, needed to match the inherently larger pixel size of the image intensifier.
The intensified image is coupled and demagnified onto the target of the Plumbicon tube by the
second fiber optic bundle. The Plumbicon control electronics define the target scan pattern, and
may be set to scan either the whole target, or some predetermined portion of it. In this second
or “window” scan mode, it is possible to select one or more spectral lines, reading them out into

the data system and ignoring the remainder of the focal plane. Use of the window mode greatly
reduces the demands on the data handling system.
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The instrument as a whole is controlled by a microprocessor which sequences the operation
of the primary mirror, the entrance slit mechanism, the detector control electronics, and the data
handling system:.

OPERATIONS

As shown in Figures 4.3 and C-1, light entering the instrument strikes the primary mirror,
which forms an inverted image of the Sun on the entrance slit. The slit serves as a field stop and
defines a segment of a chord on the solar disk that will be sampled by the spectrograph sections.
Light passing the slit illuminates the two gratings as previously discussed. The gratings, in turn,
disperse the spectrum and form images of the two spectral ranges on the input end of the detector
assembly. Since both spectrographs are stigmatic, there is a point by point mapping of spatial
elements along the sampled chord of the solar disk onto corresponding positions along the length
of each spectral line. Thus, for a given setting of the primary mirror orientation, the instrument
simultaneously observes both the UV and the EUV spectra of 480 spatial elements on the solar
disk, assuming the use of 1-arcsecond pixels and an 8-arcminute-long slit.

To create a spectroheliogram, one observes a sequence of these stigmatic spectrograms, moving
the primary mirror between spectrograms so that the slit sweeps across the desired area of the disk.
A spectroheliogram can have any desired width and could, in principle, stretch from limb to limb
or even further. It can be centered about any position on the disk. A total of 480 spectrograms
would be required to cover a field of 8 X 8 arcminutes, again assuming 1-arcsecond pixels. The
time required to complete an 8 X 8 arcminute spectroheliogram depends on the pixel sampling rate
of the detector and the number of spectral elements sampled in wavelength space. Assuming a
sampling rate of 107 pixels per second by the Plumbicon electronics, we arrive at a basic sampling
rate of 2 X 10* spectral elements per second. (One spectral element corresponds to an intensity
measurement at one wavelength for each of the 480 UV or EUV spatial elements. In practice,
500 spatial elements would be scanned in the focal plane for each spectral element, providing a
small margin for alignment uncertainties.) These rates would allow us to sample about 40 spectral
elements distributed between the UV and EUV image planes while completing a full 8 x 8 arcminute
spectroheliogram in 1 s. It should be pointed out that at these high framing rates, the dwell time
on any individual pixel is only about 2 ms, so that only flares and the brightest features of active
regions will be observed with high photometric precision, although the ability to observe line profiles
and Doppler shifts is retained. Photometric sensitivity may be increased by scanning a narrower
field, or by scanning it more slowly. Both options will be possible under direction of the control
system’s microprocessor.

The system may also be operated in a slitless mode by substituting a rectangular aperture
for the entrance slit. In this mode, increased photometric sensitivity is realized at the expense of
introducing a convolution of spatial and spectral information, as in the NRL “A” instrument on
Skylab. The effective sensitivity gain and the amount of overlap depend on the width chosen for
the entrance aperture and the readout strategy. The maximum sensitivity gain obtainable for the
8 x 8 arcminute field at one frame per second is a factor of 500 to 1000 (depending on the intrinsic
line widths) and results in complete overlap of the spectra.

A variety of other operating modes may be conceived by combining the basic ones discussed
above. For example, a “super raster” could be generated by combining two adjacent 8 x 16 arcminute
spectroheliograms, requiring 4 s to complete at the maximum scan rate. The entire disk could be
searched to establish the locations of the active regions in about 20 s, again at the maximum
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scanning rate. Definition of the required operating modes will be one topic of the phase A study.
Other study topics include the choice of pixel size, the optimization of the spectrograph designs
for wavelength coverage and resolution, and the definition of performance requirements for the
primary mirror and slit mechanisms, and for the detector. The Phase A study will include a
careful consideration of the choice between a Plumbicon and a charge-coupled device (CCD) as the
readout device for the detector.

TRIAL DESIGN

A first iteration of LEIS optical system design has been made using software developed by
R. J. Thomas for the SEUTS system. In this design, we have adopted a nominal focal length of
1.05 m for the spectrometer, and a 3600 groove per mm ruling frequency for the EUV grating. We
took the slit-to-grating distance to be 1.0 m, which places the nominal camera distance at 1.1 m
and gives the desired separation of the UV and EUV images. We specified the design wavelength
range. of the EUV portion to be 240 to 285 A.

These choices of inputs to the optimization code lead to a complete specification of the prop-
erties of the EUV spectrometer, including the tangential and sagittal radii of curvature for the
grating, the optimum angle of incidence, the angular and linear dispersions, and the location of
the focal surface with respect to the entrance slit and the optic axis (as defined by the chief ray
passing through the center of the slit). The values of the parameters are:

Spectral range: 240 to 285 A
Spectral resolution element: 0.045 A
Sagittal radius of curvature: 100.000 cm
Tangential radius of curvature: 105.497 cm
Angle of incidence: 5.423°
Width of spectrum (230 — 270 A) 18 mm

RMS focal error (longitudinal astigmatism): 22.4 ym

Once the EUV design has been specified, the properties of the UV section are tightly con-
strained. If the nominal focal length is chosen to be the same as the EUV grating (which is
desirable for reasons of simplicity), then the UV grating radii, the operating angles, and the geo-
metric focal properties are all identical to those of the EUV section. The numerical resolution of
the two sections is also the same if the same detector pixel size is used. The only free parameter
is the ruling frequency for the UV grating, which is selected to choose the center wavelength of
the UV section. For the trial design, we chose a center wavelength of 1312 A. This choice led to a
spectral range of 1200 to 1425 A. The spectral resolution element for a 1000 x 1000 detector would
be 0.21 A. All other properties of the UV section are the same as those for the EUV section. The
required ruling frequency would be 720 grooves per millimeter, which should be producible if a

holographically recorded grating is used. These parameters should be fine-tuned during the Phase
A study.
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APPENDIX D: THE SOFT X-RAY IMPULSIVE PHASE SPECTROMETER

The Soft X-Ray Impulsive Phase Spectrometer (SIPS) includes both flat scanning and bent
(fixed) Bragg crystal spectrometers. It will support the science objectives of SHAPE by providing
information on the behavior (dynamics, energy content, parameters T., n., element abundances) of
the hot plasma that is created during the impulsive phases of solar flares. Absolute coronal abun-
dances of many elements can also be determined with this instrument. Comparison to measure-
ments obtained with HIGRANS will make it possible for the first time to determine abundances
at different levels in the solar atmosphere during a flare. In the following sections the scientific
aims of the investigation and the properties of the spectrometers are described in greater detail
than was possible in the main body of the text.

SCIENTIFIC AIMS

The primary science objective of the SIPS is to study plasma heating and dynamics during
the impulsive phase of solar flares. To carry out this objective, high spectral resolution, high time
resolution, and high sensitivity are required. A discussion of science objectives is given below.

a) Plasma Dynamics.

The Bragg spectrometers on P78-1, SMM and Hinotori have shown that early in the im-
pulsive phase of flares spectral lines are much wider than expected at the temperatures obtained
from dielectronic satellite lines. The “turbulent” or non-thermal motions are typically about 160
km s~! when first observed, but can be up to 300 km s~1. The motions, when integrated over
relatively long time intervals, seem to be random since they appear to be the same for both disk
and limb flares. The non-thermal motions decrease monotonically as the X-ray flux in spectral
lines increases. By the time peak X-ray flux is reached, and during the decay phases of flares, the
non-thermal motions have decreased to between zero and 60 km s~!; it is difficult to measure values
< 60 km s~1. According to Antonucci et al. (Solar Phys., 78, 107, 1982), there is a correlation
between the peak non-thermal motion and the peak flux in the hard X-ray bursts associated with
the impulsive phase, but this result needs higher sensitivity observations for confirmation.

Recently, SMM observations reported by Doyle and Bentley (Astron. Astrophys., 155, 278,
1986) have cast doubt on the simple picture of completely random motions occurring over a smooth
velocity distribution. Doyle and Bentley studied SMM-BCS Ca XIX high time resolution (6s)
spectra and found many discrete mass flows, varying on time scales of seconds. Their data indicate
that what appears as “broadening” at low time resolution (e.g., about 30s) may in fact be a smearing
in time and velocity space of the directed motions of plasma perhaps produced by a number of
different plasma sources. Interpretation of the data is difficult because of poor statistics, but they
note that the determination of just how much structure is present in the line profiles must await a
spectrometer with higher sensitivity.

The origin of the non-thermal motions is presently unclear. At present there seem to be
two possible explanations. In one scenario, the large line widths are simply convective motions
produced as plasma evaporates into coronal flux tubes. Frequently, however (in about 50% of the
cases), large line widths appear well before the evaporative phase that is signified by the appearance
of blue wings on the line profiles. Therefore, as an alternative scenario, Antonucci, Rosner, and
Tsinganos (Astrophys. J., 301, 975, 1986) argue that turbulent motions can appear when magnetic
islands produced by lack of MHD topological stability overlap and magnetic reconnection takes
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place. These reconnection sites, which would occur throughout the flare volume, signify the flare
onset and may also be responsible for particle acceleration. Thus the search for the origin of large
turbulent line widths may lead directly to the processes responsible for particle acceleration.

In order to clarify further the nature of the line broadening, it is necessary to obtain obser-
vations with a more sensitive crystal spectrometer, while still preserving spectral resolution. The
SIPS spectrometers have more than 10 times greater sensitivity than the instruments fiown on the
SMM, P78-1, and Hinotori missions.

Another major finding based on the results from previous spectrometers is that a blue-shifted
component is frequently observed in X-ray lines during the impulsive phase (Doschek et al. As-
trophys. J., 239, 725, 1980). This blue-shifted component may be the signature of chromospheric
evaporation. In this process, energy deposited either by electron beams or by conduction fronts,
heats the chromosphere, which responds by ablating hot plasma up into coronal flux tubes thereby
producing the soft X-ray flare. The blue wings indicate velocities of about 400 km s~1. In addition,
Antonucci et al. (Solar Phys., 96, 129, 1986) report that in the earliest observable phase spectra
that the entire X-ray line profile is shifted to the blue by about 80 km s~!. This possibly indicates
an initial upward motion of the flux tubes that confine all the soft X-ray plasma.

However, there are some problems in the chromospheric evaporation interpretation. These
issues are debated in the Doschek et al. (1986) SMM Workshop chapter on Chromospheric Explo-
sions. One of the problems is that the blue-shifted component is usually much weaker in intensity
than the non-Doppler shifted stationary component. In only a few cases (e.g., Tanaka and Zirin
(Astrophys. J., 299, 1036, 1985), Karpen et al. (Astrophys J., in press, 1986) is the blue-shifted
component as strong as the stationary component. However, from numerical simulations (e.g.,
Doschek et al. Astrophys. J., 265, 1103, 1983), it is expected that at least in the very early rise
phase the blue-shifted component should dominate. Perhaps the difficulty lies in not having in-
struments sensitive enough to observe the earliest phase of evaporation, or perhaps the situation
is more complicated and an already existing high density loop is present that is rapidly heated to
temperatures on the order of 20 x 10° K. Since such loops were not previously observed in Skylab
at temperatures in the order of 10® K, these loops would presumably be relatively cool before flare
onset, perhaps < 5 x 10% K, i.e. transition region loops.

In order to obtain further insight into the origin of the blue-shifted component, it is again
necessary to observe with a higher sensitivity spectrometer than the SMM-BCS, P78-1, and
Hinotori instruments. A spectrometer with high sensitivity, spectral resolution and with < 5s
time resolution should clarify the origin of blue-shifted emission. Furthermore, high time resolution
may reveal structure in the blue wing as has been found for the line broadening, and should make
possible much more definitive comparisons of data with chromospheric evaporation models. These
comparisons would greatly increase our understanding of energy and mass transport in flares.

b) Plasma Heating During the Impulsive Phase.

One of the deficiencies of the previously flown high spectral resolution spectrometers is that
the very early impulsive phase heating of flare plasma could not be observed. Data from these
spectrometers show a hot plasma, about 15 x 10® K, but neither the sensitivity nor the time
resolution is high enough to study the prior heating up to this temperature. However, data obtained
from the low resolution (SOX 1) Hinotori spectrometer (Tanaka et al. Moriyama et al. Annals
of the Tokyo Astronomical Observatory, Volume XVIII, No. 4, Volume XIX, No. 2, 1983) show
that with greater sensitivity, this heating could be studied. The earliest SOX 1 spectra obtained
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at high time resolution during the impulsive phase of some flares are representative of plasma at
temperatures of about 12x 10® K. However, it is difficult to assign a precise temperature because the
spectral resolution is insufficient to resolve the key temperature diagnostic line ratios. Furthermore,
the statistics are not very good, and it is possible that transient features (e.g., enhancements of
lines q and B) could be present in the spectra that cannot be detected because of the low spectral
resolution. The prospect of having high spectral resolution observations of the initial heating phase
(with a high time resolution BCS) is exciting and it is clear that such observations would shed
considerable light on the murky subject of pre-flare heating.

Such an instrument could ascertain whether or not transient ionization is present in the plasma.
At densities of about 102 cm~3 and higher, the detection would probably not be possible if the
plasma is rapidly heated to temperatures above 20 x 10° K, i.e., better than 1s time resolution is
needed which pushes the instrument capability. However, for the densities of < 101! cm~3 transient
ionization features could be detected, and, their detection would in fact provide a measure of the
density, a parameter that cannot be obtained from line ratios for high temperature plasma near
20 x 10 K. For example, if a plasma with an emission measure of 3 x 10%8 cm=3 is instantaneously
heated to 20 x 10® K at a density of 10!! cm~2, then about 270 counts s~! could be detected
by the Ge spectrometer of the HSFCS in the Fe XXIII line 8 approximately 1.5 s following the
temperature increase to 20 x 10® K. These counts would be obtained in an HSFCS observing mode
where the Fe XXIII line group between 1.865 and 1.880 A is scanned in 1 s. For this same example,
the HSBCS would accumulate about 300 counts in 1 s between the wavelengths 1.840 and 1.894
A. These count rates would be sufficient to detect transient ionization at a density of 101! cm~—3
for a modest emission measure. Knowledge of the early impulsive phase flare density is a crucial
test of the chromospheric evaporation hypothesis.

c) Plasma Diagnostics.

As was possible with the previously flown spectrometer experiments, the SIPS can provide
electron temperature and emission measure estimates from spectral lines formed over a wide range
of temperatures. For most flares, the temperature deduced from the Fe XXV line is close to
the maximum temperature of the bulk of the soft X-ray emitting plasma although for flares with
superhot components this may not be the case. It should be possible to determine the differential
emission measure (DEM) distribution by combining the SIPS and LEIS data. This information
gives considerable insight into the dynamics of the thermal plasma confined to magnetic loops. The
DEM is not well known for the impulsive phase of flares.

Because SIPS has high spectral and time resolution as well as high sensitivity, analysis of the
n=3 lines such as d13 may reveal the presence of non-Maxwellian velocity distributions. This is an
aspect of the present spectra that has not yet been sufficiently investigated, but most likely present
spectra do not have the combination of time resolution and sensitivity to exploit this diagnostic.

The SIPS will also provide the same information during the decay of flares. For example,
SIPS and LEIS will measure the increase in height of post-flare loop X-ray emission as flares
decay. The SIPS measurement makes use of the fact that fiducial Bragg angles change with
position of the X-ray source (Seely and Feldman, Astrophys. J. Letters, 280, L59, 1984).

d) Superhot Component.

We plan to observe the Fe XXVI Lyman-a lines and associated satellite lines, and the Fe XXV
resonance and satellite lines, with high spectral resolution. As Tanaka (Publ. Astr. Soc. Japan, in
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press, 1986) has shown, the Fe XXVI and associated satellite lines are excellent indicators for the
presence of a superhot component.

e) Element Abundances.

Given the wide range of temperatures and ions covered by both components of the SIPS, the
absolute abundances of all the principal medium-Z (Mg to Ni) elements can be determined. A
section of the X-ray spectrum that will be scanned by SIPS is shown in Figure D-1. In particular,
the variation in element abundance seen in a number of flares by Sylwester et al. (Nature, 310, 665,
1984) can be examined for many more elements than was possible with the SMM-BCS. According
to these workers, the calcium abundance varies by a factor of 2 to 3 in different flares. If this result
is confirmed and extended to other elements, it would provide a further convincing demonstration
of the existence of element fractionation or diffusion in the Sun, as recently discussed in detail by
Meyer (Astrophys. J. Suppl., 57, 173, 1985). If element abundances can be significantly altered by
electrodynamical or diffusive processes, this result will clearly have an important impact on othe.
areas of astrophysics where abundance determinations play a critical role in unraveling the relevant
physics.

Why are element abundances determined in the X-ray region superior to those obtained in
the XUV or UV? In the X-ray region most of the ions are in H-like or He-like ionization stages,
and excitation of these ions is well understood. The He-like ion stages contain about 80% of
the element population, making abundance determinations not as sensitive to uncertainties in
ion fraction calculations, as is the case in the UV and XUV. It is easier to calibrate an X-ray
spectrometer than an XUV instrument, i.e. relevant X-ray lines used for line ratios fall within
very narrow wavelength intervals. Plasma diagnostics are more precise in the X-ray region, i.e. we
have dielectronic temperatures and the presence of a strong measurable continuum allows absolute
abundances to be determined.

Veck and Parkinson (M. Not. R. Astr. Soc., 197, 41, 1981) determined element abundances
using X-ray spectra from OSO-8. However, the OSO-8 spectrometers had poor spectral resolu-
tion and sensitivity, which lead to large uncertainties in the abundances. An indication of the type
of abundance determinations that can be made with a high resolution spectrometer (P78-1) can
be found in Doschek et al. (Mon. Not. R. Astr. Soc., 217, 317, 1985).

INSTRUMENTATION

Two different types of crystal spectrometers are employed in SIPS. Based closely on the sys-
tems used in the SMM-XRP and P78-1 SOLFLEX instruments, they are illustrated schemat-
ically in Figure D-2. The High Sensitivity Bent Crystal Spectrometer (HSBCS) provides the
capability of very high sensitivity and time resolution observations of the important diagnostic
iron-line group between 1.7 and 1.9 A and the Ca-line group near 3.2 A. The High Sensitivity Flat
Crystal Spectrometer (HHSFCS) provides the broad wavelength coverage needed for abundance and
differential emission measure determinations. It also can perform high time resolution observations

over narrow wavelength regions. Figure D-3 shows the two instruments upon which the designs of
the HSBCS (a) and HSFCS (b) are based.

a) HSBCS

The design of the HSBCS will be based on the successful SMM-BCS instrument. Sensitivity
will be greatly increased by removing the 6 arcmin F WHM square collimator. This will enable the
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FIGURE D-1: The solar spectrum between approximately 1 and 4 A as observed with the
LiF spectrometer on OSO—6. This spectrum illustrates some of the lines of the various
elements which HSFCS will observe with higher spectral resolution.
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FIGURE D-2: A schematic representation of the SIPS spectrometers. The top figure
illustrates the concept of a bent crystal spectrometer.
obtained simultaneously.

The entire wavelength range is
The bottom figure shows the concept of a conventional flat
crystal spectrometer which obtains spectra by rotating its crystal through a selected range
of Bragg angles.
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FIGURE D-3: (a) SMM bent crystal spectrometer (BCS). The BCS is approximately
0.8m long, 0.6m high and weighs 35kg. The spectrometer is capable of obtaining simulta-
neous wavelength coverage in eight energy bands covering the Ca XVIII-XIX lines near
3.2 A and Fe I-XXVI lines near 1.9 A. (b) The 0SO-8 flat scanning crystal spectrometer.
An example of a spectrum obtained with this spectrometer is given in Figure D-1.
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instrument to view the whole Sun and so to support the two high-energy instruments in studying
all the flares detected by the SHAPE mission. In addition (see Table 5.4 in the main text) the
HSBCS will study a smaller number of wavelength ranges than did the SMM instrument. These
two measures will lead to an overall increase in sensitivity of around a factor 10 for the Ca XIX,
Fe XXV and Fe XXVI spectral ranges.

The front aperture of the HSBCS will be covered by a second surface mirror and a thermal
shield as was done successfully for the SMM instrument. Both spectrometers (HSBCS and
HSFCS) will be mounted on an intermediate baseplate to ensure co-alignment before integration
with the spacecraft. The HSBCS thermal and mechanical vibration properties will be very similar
to those of the SMM-BCS and are therefore well understood.

The same germanium crystal cuts as were used in SMM would be employed in the baseline
instrument. These crystals can be bent easily and provide high spectral resolution together with
good reflectivity. Other crystals (e.g., InSb), which offer the promise of an even better combination
of resolution and reflectivity, are being studied by Dr. R. Deslattes and his colleagues at NBS
and will be carefully considered during Phase A. The crystals will be calibrated in their holders
before launch to measure rocking curve width, reflectivity and radius of curvature, as was done
for the SMM instrument. In addition, since one of the two HSFCS spectrometers will employ a
germanium (or InSb) crystal, in-flight cross calibration of the HSBCS dispersion will be possible.

The HSBCS detectors will be sealed one-dimensional position sensitive proportional counters
with 75 pm Be windows and filled with a Xe/CO2 mixture at a pressure of 1.1 atm. The position
resolution will be about four times better than was available in the SMM instrument through the
use of a low noise wedge and strip readout system instead of the resistive anode used in SMM.

This modified wedge and strip or double wedge read-outs is illustrated in Figure D-4. The
position (X) of the incoming photon is determined from the charges collected on the individual
wedges (Q1,Q2), by X = Q1/(Q1+Q2). A position resolution of 150 microns will improve HSBCS
over the SMM-BCS by a factor of three in spectral resolution when the germanium crystal rocking
curve width is taken into account. The double wedge read-out provides low thermal noise, low
distortion and high linearity. In addition it can be easily manufactured as it consists of a pattern
etched into gold on a fused silica substrate in a manner similar to electronic circuit boards. Detectors
using wedge and strip read-out have been constructed at MSSL and the HSBCS detectors will
be completely manufactured in-house.

The analogue electronics will be potted and attached to the rear of the detectors and will
consist of standard charge sensitive preamplifier and analogue-to-digital circuitry. Although the
determination of the photon energy by the detector is unnecessary for a Bragg crystal arrangement,
the energy of the incoming photons will be measured by a thirty bin pulse height analyzer which
will enable real-time monitoring of detector performance during times of moderate solar flux or
when the calibration sources are moved into position in front of the detector windows.

Background rejection in the HSBCS will be accomplished by holding the double wedge in
coincidence with cathode wires running the length of the detector and located between the double

wedge read-out and the detector window. Additional background rejection will be provided by
pulse height and shape discrimination.

During flares, hard X-ray photons which strike the crystals cause fluorescence radiation which
is detected in the detectors as an additional background. The major contributor for germanium
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FIGURE D-4: An illustration of the modified wedge and strip or double wedge read-out
anode. The position sensitivity is in the direction of the arrows. This anode will be used
in the position-sensitive HSBCS detectors.

crystals is K-a emission at 1.25 A. With even modest energy resolution it is possible to completely
discriminate against the fluorescence emission without any loss of the Ca XIX signal. For the iron
spectrometers an energy resolution of 13% FWHM at a rejection threshold of 1.54 A will result in
a rejection factor of 3000 for Ge K-a with negligible loss of Fe XXV, XXVI events. In addition,
another factor of about two improvement over the SMM-BCS design will be achieved by including
baffles (exit collimators) between detectors and crystals. -

b) HSFCS

The HSF CS crystal spectrometers will have an overall sensitivity that is about 10 times greater
than the P78-1 SOLFLEX spectrometers. However, the actual gain in observational capability is
substantially greater, because for a flat crystal spectrometer the rate of scan is a crucial factor in
determining how well very transient spectra can be recorded. The SOLFLEX instruments recorded
a spectrum every 56 s on average. With the HSFCS the time resolution for a measurement of an
individual line profile can in some observing modes be as short as 0.5 to 1 s. The sensitivity of the
HSFCS spectrometer will be sufficiently high to determine abundances of even the non-abundant
solar elements, such as Mn and K. The non-abundant elements Mn, Cr, Ti, and K were already
observed by NRL spectrometers flown on OS0—8 (see Figure D-1). However, these spectrometers
had poor spectral and time resolution, and were not well calibrated. In addition, counting statistics
for these elements were poor. The sensitivity of the HSFCS is about 100 times greater than the

LiF spectrometer on OS0-6, and therefore these and similar elements can be well observed by the
HSFCS.

The thermal and mechanical design of the HSFCS will be similar to that of the highly suc-
cessful NRL spectrometer flown on P78-1 and successful spectrometers flown on OSO-4 and
OS0-6. The crystal drives can be programmed to scan over any desired wavelength interval,
within the 1-10 A range, at pre-selectable rates of 8, 16 or 32 steps per second with each step being
about 20 arcsec. The complete 1-10 A range can be scanned in about 5 minutes.
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The HSFCS crystals will be germanium and ADP for the baseline instrument although, once
again, the use of InSb and other crystals will be considered during Phase A. The instrument will
include two rotating shafts: one with a germanium (Ge) crystal and the other with an ADP crystal.
However, each main crystal will have its counterpart mounted back-to-back on the same shaft. Thus
the primary Ge crystal will have an ADP crystal mounted behind it and the primary ADP crystal
will have a back-to-back mounted Ge crystal. This arrangement will ensure redundant coverage
of the entire HSFCS wavelength range with each of the two rotating shafts. The shaft drive
mechanisms will employ stepper motors and perhaps harmonic drives. The drive mechanisms will
be similar to the designs used for P78-1 and OSO instruments. A thermal shield will prevent
heating of the crystals by direct sunlight, as for the HSBCS.

For the HSFCS, each primary crystal will feed a single sealed proportional counter detector
of conventional construction. The detector for the Ge crystal will be filled with a 1.1 atm. Xe/CO,
mixture and fitted with a 75 um Be window. For the ADP crystal, the detector will have a 60 um
thick Be window and a 1.1 atm. Argon/CO; gas filling. The HSFCS detectors are required only
to register the X-ray counting rates as a function of shaft rotation angle. This can be done with
amplifier, window analyzer and simple pulse counting circuitry. In particular, no position sensitivity
is required for these detectors. The expected background counting rates in these detectors will be
assessed during Phase A. It will then be decided whether the additional complexity and expense of
an active anti-coincidence system is justified.

c) Digital Electronics.

The digital electronics design will be based on that of the SMM-BCS instrument. The
baseline proposal is to use the same microprocessor (an RCS 1802) and merely adapt the present
software for the increased capabilities of the HSBCS and the addition of the HSFCS. However,
it could prove cheaper and easier to use more modern micros such as those Lockheed has been

utilizing on the Spacelab II and Solar Optical Telescope projects. This will be investigated during
Phase A.

The digital electronics accumulates the spectra for each of the detector systems (both HSFCS
and HSBCS) in Read Increment Write memories for some preset integration time, after which
they are read out and the memories cleared. The microprocessor adds flexibility to the instrument,
making it possible to increase the time resolution in any given channel by degrading the time resolu-
tion in other channels or degrading the spectral resolution in that or other channels. Alternatively,
the data can be processed at a higher rate and put in a queued store for later transmission. This
can double the time resolution in all channels for a limited period (depending on the size of the
queued memory store and the playback time available). The microprocessor also makes it possible
to change the software in-orbit if different observing modes are required. It will also be possible to
do some real time processing of the data and issue flare alerts in order to change the observing mode
of SIPS or of any other instrument. The Command and Data Handling subsytem (CDH) would
again be designed in the same way as on the present SMM spacecraft. The microcomputer would
receive control and programme loads through a Serial Magnitude Command from the spacecraft.
Its primary function is to process the spectral data from the HSBCS and HSFCS. There will be
a small amount of engineering data in a subcom word for monitoring the health and safety of the

experiment. There will also be an independent PHA monitor scalar that can be accumulated and
cleared without affecting the spectral data.

d) Power supplies.
The power supply system would be similar to that of the SMM-BCS but with the additional
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requirements from the HSFCS. Also, to run the RCA 1802 microprocessor at a higher rate than
before, it would be required to run at a higher power level (if we use a different micro the power
consumption requirements may be less). The SIPS power requirements are listed below.

HSBCS HSFCS TOTAL
Dormant < 7 Watts < 4 Watts < 11 Watts
Average Running 16 Watts 12 Watts 28 Watts
Peak Running (< 1%) 25 Watts 20 Watts 45 Watts

e) Telemetry.
The telemetry requirements are as follows:

HSBCS Maximum (no RT processing) 30 Kb/s
HSFCS Maximum 10 Kb/s
Total 40 Kb/s

This figure of 40 Kb s~! represents the maximum data rate when all systems are running. Some
savings could be made if we reduce the frequency of the readout in quiet times or do some on-board
processing such as adding channels together, although this would make the software development
more expensive. Not all data needs to be sent directly to the ground but could instead be recorded
on one of the tape recorders of the other instruments where it would represent a minimal overhead
compared to the imager signals.
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